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Introduction 

Sustainability plays a pivotal role in shaping our present and future. Nowadays, it has 
become an essential concept that overall encompasses responsible practices and 
resource management. Chemistry heavily influences our daily lives, shaping the 
materials we use, the energy we consume, and the medications used to treat us.  
Yet, this omnipresence comes at a price, as chemical processes and products have been 
historically associated with adverse environmental and health impacts. This paradox, 
the duality of chemistry as both a potent enabler and a significant environmental 
burden, has spurred the emergence of green chemistry principles, which align with the 
United Nations Sustainable Development Goals.  

The achievement of these sustainability goals requires re-evaluation and re-structuring 
of existing chemical reaction pathways into more streamlined and sustainable reactions. 
By ensuring that most of the atoms from the starting materials are incorporated into  
the desired products, rearrangement reactions reduce the generation of undesirable  
by-products, inherently contributing to cleaner and more sustainable processes. Not only 
are rearrangement reactions atom-efficient but they can also be used to generate 
compounds with multiple stereogenic centres, making them valuable tools for producing 
chiral molecules with high efficiency. However, it is critical to acknowledge that efficiency 
in chemistry is not an endpoint but an ongoing process of improvement. 

This doctoral thesis aims to contribute not only to the advancement of synthetic 
methodologies but also to the broader goals of sustainable and responsible chemistry. 
By addressing such aspects as time consumption, sequential derivatisation of the 
intermediate without isolation and catalyst sustainability, we endeavour to refine 
rearrangement reactions into more efficient, eco-friendly and economically viable tools 
for the synthesis of valuable compounds (Publications I – III). The effects of bases on 
the diastereoselectivity of the [2,3]-sigmatropic rearrangement reaction of N-ammonium 
ylides was studied (Publication I). Subsequently, the investigation of the asymmetric 
[2,3]-Wittig rearrangement reaction of malonic derivatives in combination with enzymatic 
hydrolysis was undertaken (Publication II). This was followed by an examination  
of the catalyst’s recyclability utilised in the [2,3]-Wittig rearrangement reaction of 
cyclohexanone derivatives (Publication III). 
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Abbreviations 

Ac acetyl 
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Ar aryl 

Bn benzyl 

Boc tert-butyloxycarbonyl 
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DCE 1,2-dichloroethane 

DCM dichloromethane 

DFT density functional theory 
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Fmoc fluorenylmethoxycarbonyl 

h hour 

HOBt hydroxybenzotriazole 

HPLC high-performance liquid chromatography 

iPr isopropyl 

IR infrared  

LB Lewis base 
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major dr major diastereomer 

Me methyl 
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nd not determined 

NMR nuclear magnetic resonance 

Nu nucleophile 

OPNP p-nitrophenoxide 
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PAM p-hydoxymethylphenylacetamidomethyl polystyrene 

PB phosphate buffer 

PG protecting group 

Ph phenyl 

PLE pig liver esterase 

p-NBA p-nitrobenzoic acid 

PS polystyrene 

rac racemic 

Rf retention factor 

RML Rhizomucor miehei 

rt room temperature 

SEM scanning electron microscopy 

TB Tris buffer 

TBD 1,5,7-triazabicyclo[4.4.0]dec-5-ene 

tBu tert-butyl 

TEA triethylamine 

TfO trifluoromethanesulfonate / triflate 

THF tetrahydrofuran 

TMS trimethylsilyl 
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TS transition state 
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1 Literature overview 

Sigmatropic rearrangements are well-known substrate-reorganisation reactions that 
represent a valuable technique to construct novel complex molecules.1 The relocation 
of a σ-bond from one position of a π-system to another allows for the formation of a 
new carbon-carbon or carbon-heteroatom bond in an intramolecular manner. As during 
sigmatropic rearrangement the migration of an atom or a group occurs within the same 
molecule without changing the composition of the product, this type of reaction is 
100%-atom efficient.2 

Sigmatropic rearrangement reactions can be classified by the order which 
characterises the shifting of the migrating group. This depends on the original and 
terminal position of the σ-bond.1,3 A numeric prefix [a,b] identifies the number of 
atoms of the migrating group (a) and the conjugated alkenyl chain (b) between the 
ruptured and newly created bonds (Scheme 1).4 In this work, [2,3]-sigmatropic 
rearrangement reactions were studied, and therefore an overview of only this type of 
rearrangement is given. 

Scheme 1 Examples of the formation of the numeric prefixes in sigmatropic rearrangements 

In general, [2,3]-sigmatropic rearrangements are divided into two categories: neutral 
(Scheme 2, A) and anionic (Scheme 2, B). In both cases, the reaction proceeds via a 
five-membered pericyclic envelope-like transition state. The main difference between 
these two lies in the charge nature of the X-Y pair of the rearrangement precursor. 
The neutral type includes the rearrangement of zwitterionic species.5 In contrast to the 
neutral type, the anionic type first includes the generation of a carbanion, which then 
undergoes a rearrangement reaction.6 The formation of a carbanion is mainly facilitated 
by using an electron-withdrawing group (R’) via contributing to the deprotonation step 
of the reaction. 

Scheme 2 General mechanism of neutral and anionic [2,3]-sigmatropic rearrangements 
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Rearrangement reactions are especially valuable transformations for the introduction 
of an additional complexity to the molecules as, depending on the substituents, up to two 
new consecutive stereogenic centres can be simultaneously formed.7 In many cases, a 
well-defined transition state of the [2,3]-sigmatropic rearrangement reaction leads to 
highly controlled stereospecificity in terms of diastereoselectivity. Starting materials 
bearing double bonds in (E) configuration tend to undergo rearrangement reactions via 
an exo-transition state, affording anti-products, while compounds with a double bond in 
the (Z) configuration prefer to follow an endo-transition state, therefore giving syn-
products (Scheme 3). The differences in energy between exo- and endo-transition states 
determine the final ratio of diastereomers. This is strongly dependent on both steric and 
electronic interactions between the migrating moiety and electron-withdrawing group R’ 
in the transition state. In addition, the diastereoselectivity of the [2,3]-sigmatropic 
rearrangements is strongly influenced by the properties of the substituents.5,8,9 
Enantiocontrol of these rearrangement reactions is less defined, as the origin of the 
enantioselectivity depends on the precise type of stereoinduction used to achieve it. 

 

Scheme 3 General representation of the dependence of diastereoselectivity on the double bond 
configuration of the starting material 

The possibility of a competing [1,2]-pathway instead of the [2,3]-sigmatropic 
rearrangement should also be considered (Scheme 4). These two types of rearrangement 
reactions proceed through different mechanisms. The [1,2]-pathway is believed to be a 
stepwise process, where homolysis of the C-X bond takes place followed by the 
recombination of the formed radical species. As the [2,3]-rearrangement proceeds via a 
concerted mechanism with lower activation energy, the [1,2]-rearrangement is rarer and 
can be suppressed or eliminated by substrate design and the careful tuning of reaction 
conditions.1 

 

Scheme 4 Competing [1,2]- and [2,3]-sigmatropic rearrangements 

1.1 [2,3]-Sigmatropic rearrangement of ammonium ylides 

[2,3]-Sigmatropic rearrangements of different zwitterionic species are a diverse class of 
[2,3]-shifts and have been well explored. Reactions can be conducted with substrates 
usually formed from various oxides (e.g. allylic sulfoxides10, selenoxides11 and amine 
oxides12) and “onium” salts traditionally generated using alkylation methods (e.g. 
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ammonium, sulfonium, phosphonium, oxonium and halonium)13. In continuation,  
the metal-carbene complex approach follows the same principle. However, it utilises  
a completely different type of mechanism for the initialisation of the rearrangement 
reaction, leading to the direct formation of the allylic “onium” ylides in situ through a 
transition-metal-catalysed decomposition of diazo compounds14; thus, it falls outside 
the scope of this work. 

In this doctoral thesis, the neutral type of [2,3]-sigmatropic rearrangement is 
represented by the diastereoselective base-catalysed transformation of the ammonium 
ylides as a valuable method for the construction of tertiary nitrogen-containing 
molecules. Thus, only examples connected with this topic are included in the literature 
overview, excluding the Sommelet-Hauser rearrangement15 of N-benzylic quaternary 
ammonium salts. 

The great potential and the reactivity of the ammonium ylides were first introduced 
by Stevens et al. in 1928.16 During their investigation into various amino-protecting 
groups, a [1,2]-shift of the benzylic moiety occurred under basic conditions. The described 
migration is now known as the [1,2]-Stevens rearrangement.17 In this particular case, 
the formation of the adduct from the [2,3]-sigmatropic pathway, known as the 
Sommelet-Hauser rearrangement, was not observed, despite its potential as a competing 
reaction pathway, wherein the deprotonation of benzylic CH2 initiates migration 
through an aromatic double bond, followed by the introduction of a novel alkyl group 
in the ortho position of the benzylic substituent. Notably, the [2,3]-shift was first 
observed in 1963 as a competitive side-reaction to the [1,2]-Stevens rearrangement. 
While exploring the analogous allyl-substituted ammonium salts, the appearance of the 
product, which was confirmed to follow a [2,3]-sigmatropic pathway, was also detected 
(Scheme 5).  

 

Scheme 5 The historical background of [1,2]- and [2,3]-sigmatropic rearrangements of ammonium 
ylides 

Since then, tremendous developments in this field have occurred, especially from 
the perspective of stereoselectivity. In principle, there are two general methods for 
influencing diastereo- and enantioselectivity in rearrangement reactions. Either already 
existing chiral centres and/or the bulkiness of the substituents of the starting material 
direct the formation of the new stereogenic centre through steric effects (substrate 
control) or an external compound provides stereoinduction via coordination with a 
substrate (reagent control). Notably, the [2,3]-sigmatropic rearrangement of ammonium 
ylides lacks examples of the second approach. Most likely, this is due to the absence of 
an electron pair on the quaternary nitrogen, which is essential for the chiral reagent to 
coordinate with the substrate and, therefore, direct the stereoselective outcome of the 
reaction.18 
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1.1.1 Base-catalysed rearrangement originating from chiral ammonium salts 
(based on the chirality transfer principle) 
In many cases, highly diastereoselective outcomes of the [2,3]-sigmatropic rearrangement 
of the ammonium ylides were achieved through chirality transfer from the starting 
material.  

A successful example of chirality transfer from the C1 position of an enantiomerically 
enriched ammonium salt 1 (ee >99%) to the C3 position was demonstrated by Hill et al. 
Reductive cleavage of the amino moiety from the rearranged product 2 afforded 
ketone 3 with slightly diminished enantioselectivity (ee 88%) (Scheme 6).19  

 

Scheme 6 Synthesis of the optically active ketone 3  

In a [2,3]-sigmatropic rearrangement of ammonium ylides, a stereoselectively 
quaternised nitrogen can be used to determine stereoselective formation of the desired 
product (Scheme 7). The diastereoselective quaternisation of a starting material provides 
a temporary stereocentre on the nitrogen atom. Proton abstraction results in the 
formation of a corresponding ylide and the concomitant loss of the original stereocentre. 
Finally, the stereocentre is regenerated stereoselectively through the [2,3]-sigmatropic 
rearrangement due to chirality transfer from the nitrogen atom.20 

 

Scheme 7 Carbon-nitrogen-carbon chirality transfer strategy 

In 1978, Vedejs et al. introduced a ring expansion method of the six-membered 
heterocycle 4. After the diastereoselective quaternisation of 2-vinylpiperidine 4 with 
compound 5, a DBU-mediated [2,3]-rearrangement was carried out. Due to the spatial 
closeness of the anion-stabilising group to the vinyl moiety, the reaction proceeded 
through the cisoid-transition state, providing excellent diastereoselectivity (dr >99%) of 
the nine-membered compound 7 (Scheme 8).21 In addition, the [2,3]-sigmatropic 
rearrangement of similar five-membered N-heterocycles was also described by the 
same research group. Both cis- and trans-2-vinylpyrrolidinium salts, obtained via 
alkylation with compound 5, were used, affording eight-membered products. However, 
due to the instability of the trans-product, only the cis-product was isolated in both 
cases.22 
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Scheme 8 Rearrangement reaction of 2-vinylpiperidine 4  

Preparation of the optically active α,β-unsaturated aldehyde 10 was described by 
Hiroi et al. in 1980. After alkylation of the corresponding proline derivative with 
cyanomethyl chloride, enantiomerically enriched quaternary proline derivative 8 was 
obtained. Subsequent rearrangement in the presence of tBuOK provided aminonitrile 9, 
which after hydrolysis with oxalic acid afforded aldehyde 10. Depending on the 
rearrangement conditions, aldehydes were obtained with up to 90% of enantiomeric 
excess (Scheme 9).23  

 

Scheme 9 Synthesis of the optically active aldehyde 10 

West and co-workers utilised the same approach with other proline derivatives,  
as they envisioned that the rigidity of cyclic substrates would improve the chances of 
complete chirality transfer from nitrogen to carbon. Treatment with tert-butoxide of 
the prenyl bromide-alkylated ammonium salt yielded rearranged product 11 in excellent 
enantioselectivity.24 Inspired by the investigation of the nitrogen-to-carbon chirality 
transfer reported by West et al., other research groups started to broaden the scope of 
this type of self-regeneration of chirality. A year later, Coldham et al. published a 
simplified method for obtaining proline derivative 12 without the isolation of the 
ammonium salts. After diastereoselective quaternisation of the starting material with allyl 
iodide, in situ formed ylide spontaneously underwent [2,3]-sigmatropic rearrangement. 
Depending on the reaction conditions, product 12 was obtained with moderate yields 
(up to 48%) and good enantioselectivities (up to 86%).25 In 2005, Tayama et al. introduced 
a diastereoselective pathway for the synthesis of the α-amino acid analogues 13 
starting from morpholine derivatives.26 Couty et al. further expanded the scope of  
cyclic products that can be obtained through [2,3]-rearrangement reaction utilising the  
C-to-N-to-C chirality transfer approach. A series of substituted azetidines 14 were 
prepared with diastereoselectivities up to 98:2 (Scheme 10).27 
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Scheme 10 Additional examples based on carbon-nitrogen-carbon chirality transfer 

Isopavine is a well-known alkaloid that exhibits diverse pharmacological properties. 
In 2005, a base-catalysed [2,3]-sigmatropic rearrangement of the isopavine core 
containing polycyclic compounds 15 was reported by the Hanessian group. In the 
presence of a strong base, rearranged products 18 were obtained as single diastereomers 
with moderate yields (up to 60%). Additional experiments revealed that the 
deprotonation of the starting material occurred in a non-regioselective manner, leading 
to the formation of both ylides 16 and 17. However as ylide 17 is more sterically 
restricted, equilibrium is shifted towards the formation of ylide 16, thus providing the 
product via the preferred endo-transition state (Scheme 11).28  

 

Scheme 11 Rearrangement reaction of the polycyclic compounds 15 

In addition to methods that utilise already enantioenriched starting materials,  
the incorporation of a chiral auxiliary into the substrate for the rearrangement can be 
applied to provide a stereoselective reaction. In contrast to the examples described 
earlier, this method offers flexibility as the presence of a chiral auxiliary is temporary and 
it can be removed after the completion of the reaction. A successful implementation of 
this approach with the [2,3]-sigmatropic rearrangement of ammonium ylides was 
published by Sweeney et al. in 2004. Commonly employed camphorsultam was  
used as a chiral auxiliary providing a wide range of tertiary amines 20a-g in a highly 
diastereoselective manner. It’s noteworthy that in the case of substrates with R1 ≠ R2 
(20e and 20g) excellent anti:syn selectivity was also achieved (>99:1) (Scheme 12, A). 
Moreover, there appeared to be no crucial difference in the position of the 
camphorsultam moiety in the substrate. This was confirmed by a rearrangement 
reaction performed with ammonium salt 19h, where the auxiliary was transferred to 
the allylic substituent of the glycine derivative. As a result, excellent stereoinduction 
was also observed (Scheme 12, B).29  
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Scheme 12 Rearrangement reaction of the camphorsultam-containing ammonium salts 19 

1.1.2 Base-catalysed rearrangement originating from racemic/achiral 
ammonium salts 
In addition to examples utilising already non-racemic starting materials, racemic/achiral 
ammonium salts have also been used in [2,3]-sigmatropic rearrangement reactions.  
In this case, substrate design is especially crucial, as steric effects play a significant role 
in influencing the diastereoselectivity of the reaction. The size of the substituents in the 
substrate directs the rearrangement either in an endo- or exo- transition state, leading 
to the predominant formation of one diastereomer. 

The extensive work of Ollis et al. revealed many factors that can influence the rate 
and diastereoselectivity in this category. In general, due to rigidity, cyclic ammonium 
salts tend to rearrange with a high level of diastereocontrol. Thus, in the presence of 
NaOMe or NaOH, the diastereoselective rearrangement of N-heterocyclic ammonium 
salt 21 afforded compound 22 as a single diastereomer (Scheme 13, A).30 In contrast, 
aliphatic acyclic ammonium salts 23 acted differently. The diastereoselectivity of the 
obtained products was highly dependent on the substituents of the starting material. 
For example, a rearrangement reaction with ammonium salt 23c afforded a single 
diastereomer of product 24c in excellent yield (99%). However, crotyl-substituted 
ammonium salt 23d led to the formation of the respective product 24d with a 
diastereomeric ratio of 1:1. Moreover, in some cases, the formation of the competitive 
[1,2]-Stevens rearrangement product was also observed. Ollis et al. believed that 
stabilisation of the formed ylide is one of the factors affecting the ratio of the [2,3]- and 
[1,2]-products. They also proposed that the bulkiness of the allyl substituents raises the 
energy barrier for a [2,3]-rearrangement reaction, thus causing an increase in the 
formation of the [1,2]-side product (Scheme 13, B).31,32  
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Scheme 13 First examples of Ollis et al.’s work 

Later, the same research group introduced another example of a rearrangement 
reaction of cyclic 1,2,3,6-tetrahydropyridine ammonium salt 25 substituted with a 
ketone moiety as an electron-withdrawing group. Stable ylide 26 was isolated after the 
deprotonation of the starting material with NaOH, and further use of elevated 
temperatures in benzene provided cis-disubstituted pyrrolidine 27.33 Formation of the 
product in a high diastereomeric ratio was rationalised by the shifted equilibrium 
towards an endo-transition state that was favoured because of a secondary orbital 
interaction between the anion-stabilising carbonyl moiety and alkene.34 To extend  
the synthetic utility of this reaction, Stevenson et al. continued investigation with a 
1,2,3,6-tetrahydropyridine ammonium salt 25 bearing an ester group as the EWG. 
Surprisingly, only Hoffmann elimination product 28 was formed. Increased basicity and 
geometrical constraints of the used starting material were proposed as reasons for the 
observed results (Scheme 14, A). However, changing the ring size of the starting 
material from six- to seven-membered entirely excluded the elimination reaction 
pathway. Therefore, the LDA-catalysed ring contraction method of tetrahydroazepine 
derivatives 29 was established, providing cis-disubstituted piperidines 30 in good yields 
(Scheme 14, B).35,36 Taking into account the preliminary results reported by the 
Stevenson group, Sweeney et al. provided a systematic study of the described findings. 
The obtained results revealed that, in the case of ammonium salts 25 with ester 
moieties as the EWG, NaH can be used instead of LDA to decrease the amount of 
elimination side product. Furthermore, the bulkiness and substitution pattern of the 
EWG drastically influenced the ratio of the desired rearranged product and undesired 
elimination product, which confirmed the significance of the steric demands and, thus, 
the involvement of the secondary orbital interaction in the transition state of the 
rearrangement reaction.37 
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Scheme 14 Differences in the [2,3]-sigmatropic rearrangement outcomes with six- and seven-
membered rings 

1.1.3 Asymmetric [2,3]-sigmatropic rearrangement of ammonium ylides   
The most widely explored methods for the enantioselective construction of new 
stereogenic centres in a [2,3]-sigmatropic rearrangement of ammonium ylides utilise 
specific chiral metal-ligand combinations to selectively direct the formation of a 
metallocarbene  intermediate.38  Despite the significant progress made in the field of 
organocatalysis over the past few decades, achieving enantiocontrol in the [2,3]-
sigmatropic rearrangement of ammonium ylides using organocatalytic systems still 
poses a challenge. This is mainly attributed to the reactivity of the ammonium ylides 
and the lack of coordination between the catalyst and substrate.39 

In 2003, Somfai et al. introduced a notable method for the [2,3]-sigmatropic 
rearrangement of ammonium salts, which were generated via in situ complexation with 
a stoichiometric amount of Lewis acid, followed by deprotonation with a Schwesinger 
phosphazene base. After hydrolysis, corresponding secondary amines 32a-d were 
obtained in 56 – 71% yields. Using pyrrolidinyl amide as an EWG (R4) also led to the 
formation of products 32a-c with excellent diastereoselectivities (up to 20:1) (Scheme 
15, A).40,41  Considering these findings, an enantioselective version was successfully 
developed by the same research group. Chiral Lewis acids based on boron complexes 
with C2-symmetric sulfonamides were found to be very efficient, leading to the 
formation of secondary amines 32g-q with excellent diastereo- and enantioselectivities. 
Moreover, additional optimisation revealed that milder reaction conditions could be 
used without a decelerating reaction; the previously used strong phosphazene base 
was replaced with triethylamine. Unfortunately, the described approach has some 
limitations as it required an excess of all other reagents: two equivalents of both 
sulfonamide and Lewis acid, as well as five equivalents of base had to be used to obtain 
the desired products (Scheme 15, B).42,43  
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Scheme 15 Lewis acid-mediated rearrangement reaction of tertiary amines 31 

In 2014, Smith and co-workers reported an elegant and until now the only catalytic 
enantioselective method, which they followed up in 2017. The rearrangement reaction 
was conducted with either isolated or in situ-generated ammonium salts 33 using a 
chiral isothiourea as a catalyst. In the catalytic cycle, the first step included the 
replacement of the good phenolate-leaving group of the starting material by the Lewis 
base benzotetramisole ((+)-BTM), leading to the formation of crucial chiral 
intermediates 34. The released p-nitrophenoxide (OPNP) acted as a base, creating 
corresponding ylides 35, which underwent a sigmatropic rearrangement, leading to the 
formation of intermediates 36. Catalyst turnover occurred via a nucleophilic substitution 
of intermediates 36 by the p-nitrophenoxide, which was regenerated in the presence of 
the additional base. Isolated syn-configured products 37 were obtained with excellent 
diastereo- and enantioselectivities. In addition, to show synthetic utility, p-nitrophenyl 
substituted products 37 were treated with different nucleophiles, providing a broad 
scope of α-amino acid derivatives 38 (Scheme 16).44,45 Subsequently, Song et al. expanded 
the scope of this reaction to include propargyl ammonium salts. Employing the same 
methodology, they successfully synthesised highly functionalised allenes with excellent 
yields (up to 99%) and enantioselectivities (up to 96%).46 
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Scheme 16 Catalytic cycle for the enantioselective synthesis of the α-amino acid derivatives 38 

1.2 [2,3]-Wittig rearrangement 

The [2,3]-sigmatropic rearrangement of allyloxy-substituted carbanions represents a 
highly versatile methodology employed for the synthesis of homoallyl alcohols, allowing 
for the incorporation of up to two contiguous stereogenic centres.  

In 1949, during the investigation of the isomerisation processes of fluorenyl ethers, 
Georg Wittig and colleagues discovered the unexpected product 40 formed via 
rearrangement of the (allyloxy)fluorene derivative 39 (Scheme 17).47 Further investigation 
of the reaction mechanism revealed that, as in the case of the [2,3]-sigmatropic 
rearrangement of ylides, a competitive [1,2]-shift can occur depending on the nature of 
the chosen substrate and the reaction conditions.48,49,50 

 

Scheme 17 The first example of the [2,3]-Wittig rearrangement  

Nowadays, commonly known as the [2,3]-Wittig rearrangement, this subtype was 
selected as an example of anionic [2,3]-sigmatropic rearrangement reactions in the 
current study. The present chapter focuses on the organo- and metal-catalytic 
enantioselective version of the [2,3]-Wittig rearrangement, and therefore emphasis is 
deliberately placed on these catalytic approaches, omitting examples involving chirality 
transfer or the utilisation of stoichiometric reagents. 

The initial examples of an asymmetric [2,3]-Wittig rearrangement reaction involving 
a chirality transfer from the starting material to the product were reported as early as 
1971.51 Subsequently, numerous valuable methodologies have been developed, covering 
the application of chiral auxiliaries, bases and the stoichiometric amounts of chiral 
catalysts and ligands52,53,54, which have paved the way for the progression to catalytic 
methodologies. 
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1.2.1 Asymmetric organocatalytic [2,3]-Wittig rearrangement 
The first organocatalytic [2,3]-Wittig rearrangement reaction was introduced by Gaunt 
et al. in 2006. Utilising a simple secondary amine pyrrolidine I, the diastereoselective 
rearrangement of acyclic ketones 41a-m (ex. 41g) was developed (Scheme 18, A).  
A protic solvent (in this case MeOH) was found to be essential for high 
diastereoselectivity. It was proposed that, in the catalytic cycle, during the formation of 
an enamine intermediate, additional hydrogen bonding between the solvent and the 
oxygen atom of the ether occurred. This led to the stabilisation of the formed negative 
charge. The reaction is believed to have proceeded favourably through the syn 
transition state (syn-TS), which led to formation of the cis-product. In addition, in the 
same article, the first example of an enantioselective organocatalytic asymmetric  
[2,3]-Wittig rearrangement was shown (Scheme 18, B). A replacement of an achiral 
pyrrolidine I with a chiral secondary amine II provided the rearranged product 42n with 
moderate dr (2:1) and ee (60%).55 Thirteen years later, Šebesta et al. reinvestigated the 
[2,3]-Wittig rearrangement of acyclic ketones. Despite the exhaustive examination of 
various primary and secondary amines in diverse solvent systems, their efforts to 
enhance the outcome resulted in no improvements, resulting in the formation of 
products 42a-b, g-h with a maximum enantioselectivity of 60% (Scheme 18, C).56  

 

Scheme 18 Primary or secondary amine-catalysed [2,3]-Wittig rearrangement of acyclic ketones 
41a-n 

In 2015, increased research interest and development in the field of phase-transfer 
catalysis, prompted the Denmark group to investigate the [2,3]-Wittig rearrangement 
reaction under phase-transfer reaction conditions. In this thorough study, various chiral 
quaternary ammonium salts were systematically evaluated as catalysts while also 
exploring the impact of the bases on the rate and selectivity of the reaction. Despite 
extensive effort and enormous research volume, only moderate enantioselectivities  
(up to 54%) were achieved. Two factors were identified to elucidate such an outcome. 
It was shown that in the absence of the catalyst an undesired base-catalysed racemic 
background reaction could still occur. Moreover, the authors of the article proposed 
that stereodifferentiation depended on substituents of the allyloxy moiety. In the case 
of the chosen substrates, this led to a rather minor difference between transition  
state energies (Scheme 19, A).57 Soon after, our research group presented the first 
asymmetric organocatalytic hydrogen bond-mediated [2,3]-Wittig rearrangement of 
oxindole derivatives. This methodology utilised Cinchona alkaloid-derived bifunctional 
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catalyst V, providing 3-hydroxy 3-substituted oxindoles 44 with high enantioselectivity.  
The diastereoselectivity of the reaction appeared to be moderate. However, this did not 
diminish the value of this approach, since the diastereomers were chromatographically 
separable. Notably, a π-π interaction between the allyloxy moiety of the substrate and 
the catalyst played an essential stabilising role in the transition state, as only starting 
materials containing the aromatic ring exhibited reactivity under the optimised 
conditions (Scheme 19, B).58 

 

Scheme 19 The phase-transfer-catalysed and hydrogen bond-mediated [2,3]-Wittig rearrangement 
of cyclic carbonyl allyloxy derivatives 43 

At the same time, Jacobsen et al. found a highly effective thiourea and Brønsted 
base co-catalysis. Systematic screening of the catalysts revealed that each part of the 
thiourea VI (arylpyrrole and 2-arylpyrrolidine substituents, as well as amide moiety) is 
essential to achieve high enantioselectivities (Scheme 20). Additionally, based on the 
DFT calculations, it was proposed that a non-covalent cooperative combination of both 
anion- and cation-binding motifs led to the stabilisation of the rearrangement transition 
state, therefore enhancing enantioselectivities of the products 46.59 

 
Scheme 20 Thiourea-catalysed [2,3]-Wittig rearrangement of malonate derivatives 45 
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Taking inspiration from Gaunt’s research involving acyclic ketones, our research team 
introduced an enamine co-catalytic system in conjunction with an acidic additive in 2019. 
The p-NBA salt of the Cinchona alkaloid-derived primary amine VII provided α-branched 
cyclopentanones 48 with excellent enantioselectivities for the major diastereomer. 
Surprisingly, in all cases, the ee of the minor diastereomers appeared to be low. 
Furthermore, it was observed that the optimised reaction conditions were unsuitable 
for a cyclohexanone derivative, resulting in a substantial reduction in both yield and 
enantioselectivity (Scheme 21, A).60 As a result, in 2021, our research group embarked 
on extending the application of the aforementioned method by incorporating slightly 
enlarged six-membered ketones 49. Here, the p-NBA salt of the (2-naphthyl)ethylamine 
VIII was highly efficient, resulting in good yields, diastereoselectivities and 
enantioselectivities for the major diastereomer of α-hydroxyketones (R,R)-50. 
Unfortunately, similar to the scenario observed with cyclopentanone derivatives 47, low 
enantioselectivities for the minor diastereomers were obtained. Subsequent reaction 
monitoring disclosed an inconsistency of the ee of both diastereomers throughout the 
reaction, with a pronounced decline observed over time, especially significantly for the 
minor diastereomer (Scheme 21, B).61 

Scheme 21 Primary amine-catalysed [2,3]-Wittig rearrangement of cyclic ketones 47 and 49 

1.2.2 Asymmetric metal-catalysed [2,3]-Wittig rearrangement 
Some stoichiometric methods (e.g. Maezaki et al.62) and methodologies involving the 
generation of chiral Li-enolates63,64 have been previously described. Nevertheless, only a 
few examples currently represent catalytic metal-catalysed [2,3]-Wittig rearrangements. 

In 2017, our research group published our findings on a [2,3]-Wittig rearrangement 
of malonate derivatives. The initial screening of the organocatalytic protocol revealed 
that the implementation of the highly reactive catalyst IX, featuring a cyclopropenimine 
scaffold, facilitated the formation of rearranged products 46 with good yields (up to 
87%) and moderate enantioselectivities (up to 59%) (Scheme 22, A). Notably, within the 
same publication, an alternative approach was introduced. Interestingly, when compared 
to the organocatalytic method, a combination of a calcium salt with a suitable ligand 
(S,R)-L1 exhibited enhanced enantioselectivity in the rearrangement reaction, resulting 
in even higher yields (up to 97%) and enantioselectivities (up to 85%) in the formation 
of products 46 (Scheme 22, B).65 
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Scheme 22 Chiral organic base- and calcium-based Lewis acid-catalysed [2,3]-Wittig rearrangement 
of malonate derivatives 45 

A year later, Feng et al. developed a highly effective method for the [2,3]-Wittig 
rearrangement of propargylic ethers 51. This approach utilised a nickel salt in 
combination with chiral N,N-dioxide ligand L2. Despite the low reactivity of propargylic 
ethers, in almost all cases corresponding allenes 52 were formed in excellent yields (up 
to 99%) with very high enantioselectivities (up to 99%). Based on the X-ray analysis of 
the product, it was proposed that the Re face of the formed enolate is hindered by 
the bulky diphenylmethyl moiety of the ligand L2, therefore leaving the Si face open 
for an attack by the propargylic unit (Scheme 23, A).66 In the aforementioned article, 
a noteworthy observation emerged in the case of the 4-phenylbut-3-yn-2-ol-derived 
racemic substrate, indicating the possibility of achieving kinetic resolution with the 
developed catalytic system. Further investigation in this field led to a subsequent 
publication in 2020. The optimised nickel-derived Lewis acid L3 catalytic system 
demonstrated exceptional proficiency in the chiral recognition of one enantiomer of 
the starting material followed by chirality transfer in the [2,3]-Wittig rearrangement. 
As a result, variously substituted chiral α-hydroxyallenes were successfully synthesised 
from racemic malonate derivatives rac-53, exhibiting outstanding enantioselectivities 
of up to 99% (Scheme 23, B).67  

Scheme 23 Examples of nickel-ligand-catalysed [2,3]-Wittig rearrangement 
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2 Aims of the present work 

The provided literature overview highlights the significant advancements made in the 
field of [2,3]-sigmatropic rearrangement. Nevertheless, sustainability problems have 
now emerged as crucial concerns, requiring further investigation in pursuit of progress. 
In this regard, [2,3]-sigmatropic rearrangement reactions hold particular promise due 
to their inherent 100% atom efficiency and the opportunity to selectively generate up 
to two stereogenic centres simultaneously. Consequently, the primary focus of this 
work is to enhance the efficiency of [2,3]-sigmatropic rearrangement reactions, thereby 
fostering a more sustainable and resource-efficient approach to chemical synthesis. 

The specific aims of the thesis are: 

• to develop an efficient method for the [2,3]-sigmatropic rearrangement 
reaction of N-allyl ammonium ylides; 

• to examine the compatibility of enzymatic catalysis with metal- and 
organocatalysis; 

• to elaborate a synthetic pathway for increasing the structural complexity of 
the [2,3]-Wittig rearrangement products containing prochiral malonate 
derivatives; 

• to design a recyclable catalytic system for the asymmetric [2,3]-Wittig 
rearrangement reaction of cyclohexanone derivatives; 

• to explore the viability of the designed catalysts under the [2,3]-Wittig 
rearrangement reaction conditions. 
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3 Results and discussion 

3.1 Diastereoselective [2,3]-sigmatropic rearrangement of N-allyl 
ammonium ylides (Publication I and unpublished results) 

“Time is our most valuable asset, …” one of the pioneers of personal development, Jim 
Rohn, once said. This is true not only at the individual level but also for the successful 
and optimal functioning of businesses and industrial processes. Wise time management 
and efficient energy consumption are paramount considerations in achieving business 
success and optimising overall industrial operations. Considering the aforementioned 
concerns, along with our prior expertise in the field of rearrangement reactions and the 
absence of a systematic study regarding the diastereoselective [2,3]-sigmatropic 
rearrangement of N-allyl ammonium ylides, we devised a strategy aimed at discovering 
a rapid method for this transformation. We envisioned accelerating the reaction by 
influencing the deprotonation step and the diastereoselective outcome with an 
electron-withdrawing group of the starting material, as the steric properties and 
electronic effects of the EWG could affect the formation of the product by stabilising 
one of the transition states (Scheme 24).  

 

Scheme 24 General concept for the [2,3]-sigmatropic rearrangement of N-allyl ammonium ylides  

3.1.1 Synthesis of ammonium salts 
In this study, the [2,3]-sigmatropic rearrangement was investigated by employing 
quaternary ammonium salts with different EWG moieties, along with variations in 
substituents on the nitrogen atom and allyl group. The majority of the starting 
materials for the rearrangement reactions were obtained through the quaternisation of 
tertiary amines with alkyl bromides. These alkyl bromides were, in turn, synthesised  
via the nucleophilic addition of nitrogen compounds (R4 substituent) to bromoacetyl 
bromide. The preparation of tertiary amines involved the alkylation of the corresponding 
primary or secondary amines. Allyl chlorides were employed as alkylating agents in this 
process and were synthesised from alcohols when required (Scheme 25). Some variations 
in the synthetic pathway were made in the case of ammonium salts 55a, c and f.  

 

Scheme 25 Retrosynthetic analysis for the synthesis of ammonium salts 55 
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3.1.2 Diastereoselective [2,3]-sigmatropic rearrangement of ammonium salts 
Next, we focused on the development of a diastereoselective approach for the [2,3]-
sigmatropic rearrangement of ammonium salts 55. Before surveying different bases 
and solvents suitable for the reaction, it was essential to identify an appropriate EWG 
group. Based on the preliminary results, the ammonium salt 55b bearing oxazolidinyl 
group appeared to be the most efficient in terms of both reactivity and selectivity. 
Consequently, further optimisation was conducted utilising corresponding ammonium 
salt 55b. 

A screening of both organic and inorganic bases was performed for this reaction.  
As anticipated, the organic bases strongly influenced the reaction rate depending on 
their basicity. A strong correlation between the pKa values and the reaction outcomes 
was observed. In sum, compared to the reactions with organic bases, experiments 
conducted with inorganic bases yielded more sluggish results; complete conversion  
was not reached, with diminished diastereoselectivity of the obtained product. Thus, 
guanidine-derived TBD emerged as an optimal base for the reaction, leading to complete 
conversion in only one minute while affording an excellent diastereoselectivity of 
12.5:1. In addition, chloroform, initially selected as the solvent, remained the optimal 
choice, as even after further screening of alternative solvents, no improvement in the 
results was observed. 

Next, the scope of the reaction was investigated. The results revealed that the 
diastereoselectivity of the [2,3]-sigmatropic rearrangement reaction significantly 
depends on the starting material’s structural properties. Employing an oxazolidinyl 
group as an electron-withdrawing group led to good to excellent diastereoselectivity. 
However, other electron-accepting groups resulted in either inferior diastereoselectivity 
(e.g. as observed with the methyl ester-containing ammonium salt 55a) or no reaction 
at all (e.g. as seen with the amide group-containing substrate 55d). Moreover,  
the substituent on the allyl group influenced the course of the rearrangement reaction. 
The cinnamyl-substituted ammonium salt 55b provided the rearrangement product 56b 
with high diastereoselectivity. In contrast, the methyl-substituted 55g afforded the 
product with dr 1.3:1. Apart from diastereoselectivity, the stability of the starting 
material was also impacted by the allyl substituent. Replacing the phenyl group with a 
methyl group or a hydrogen atom resulted in obtaining rearrangement products 56g 
and 56h only under dry conditions and with reduced yields due to degradation of the 
starting material. This occurrence can be explained by the phenyl group’s interaction 
with the carbonyl group, inhibiting water addition to the latter. In cases where the allyl 
group has a different substituent than the phenyl group, the aforementioned interaction 
does not occur, allowing water to add to the starting material and, therefore, forming 
the corresponding acid and oxazolidinone. Furthermore, the diastereoselectivity of the 
reaction was also influenced by alkyl substituents on the quaternary nitrogen atom. 
Nonetheless, the formation of the corresponding products 56e and 56f occurred within 
1 minute (Scheme 26). 
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Reaction conditions: 55a-l (1 eq), TBD (1.1 eq), CHCl3 (0.25 M), rt, 1 min, stirring; isolated yields 
after column chromatography. The major diastereomer is depicted in the scheme. The dr was 
determined by 1H NMR of the crude product. a Starting with the iodide salt of 55a. b TBD (2 eq), 
stirring, 30 min. c 60 °C, 24 h. d Under Ar atmosphere with added molecular sieves (4 Å). e The 
purity of the product was 94%. The main impurity was oxazolidin-2-one, which has the same Rf 
value as compound 56h. 

Scheme 26 Scope of the [2,3]-sigmatropic rearrangement of ammonium salts 55 
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Considering the crystal structure obtained for product 56i, which showed the 
formation of the syn-product, a preference for the endo transition state was revealed. 
This can be rationalised by the presence of an additional stabilisation between the 
carbonyl group on the oxazolidinyl ring and the phenyl substituent of the allylic moiety. 
These findings correlated with the obtained experimental results, which emphasised 
the importance of the concurrent presence of both components (Scheme 26, transition 
states). 

In addition to providing excellent diastereoselective control over the reaction, the 
employed oxazolidinyl moiety offers the advantage of facile substitution with its  
chiral analogue (Evans auxiliary), allowing for the introduction of enantioselectivity. 
Thus, utilising (S)-4-benzyloxazolidin-2-yl as an EWG under the optimised reaction 
conditions, the product 56m was obtained with a dr of 84:8:7:1. Unfortunately,  
the formed diastereomers were inseparable, making it possible only to estimate that 
the rearranged product was formed with an ee of at least 83% (corresponding 
diastereomeric ratio of 84:8, Scheme 26, chiral auxiliary).  

3.1.3 Removal of the oxazolidinyl moiety 

To demonstrate the synthetic utility of the developed method, the removal of the 
oxazolidinyl moiety was attempted. Products 55 of the [2,3]-sigmatropic rearrangement 
of ammonium ylides primarily contain two competitive electrophilic carbonyl moieties. 
Two potential products can be formed depending on the site of the oxazolidinyl group 
removing reaction. The first is the endocyclic product, which arises from a reaction 
occurring within the oxazolidinone ring. The second is the exocyclic product, the focus 
of our interest, resulting from a reaction involving the carbonyl group outside the 
oxazolidinone moiety. Despite employing various methods with numerous variations to 
achieve this goal, all attempts resulted in the formation of the endocyclic cleavage 
product and a significant number of side-products, depending on the specific reaction 
conditions utilised.68 Enzymatic hydrolysis was also attempted, but unfortunately,  
it yielded no positive outcome. By employing NaOMe in methanol, we directed the 
reaction towards the exclusive formation of endocyclic product 57, achieving quantitative 
yields. Subsequently, relatively harsh hydrolytic conditions facilitated an intramolecular 
N-O acyl shift, leading to the formation of amino ester 58 in a 70% yield (Scheme 27). 
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Scheme 27 Removal attempts of the oxazolidinyl moiety from the rearranged products 

3.1.4 Enantioselective [2,3]-sigmatropic rearrangement of ammonium salts 
After successfully developing a diastereoselective method, our research aimed to explore 
a catalytic enantioselective system for the [2,3]-sigmatropic rearrangement reaction. To 
achieve this, we investigated various catalytic approaches, including hydrogen-bonding 
and phase-transfer catalysis, as well as a ligand-salt-based strategy. The starting material 
for our experiments was ammonium salt 55b, chosen due to its previously demonstrated 
excellent performance in the diastereoselective [2,3]-rearrangement reaction. 

For the series of the hydrogen-bonding catalysts, NaHCO3 was selected as an 
additional base as it showed sluggish results in previous optimisation experiments of 
the diastereoselective [2,3]-rearrangement reaction, and thus the background reaction 
should have been diminished. The reaction involving cyclopropene imine IX as a catalyst 
exhibited 18% conversion after one hour, which remained constant after 24 hours. 
Despite a diastereomeric ratio of 4.1:1 in the resulting product, it was observed to be 
racemic. Subsequently, reactions were conducted with two squaramide-based catalysts 
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X and XI, Soos’ catalyst XII and Takemoto’s catalyst XIII. The catalysts influenced the 
reaction rate, yielding varying conversions. Notably, all reactions displayed generally 
high diastereoselectivities, while the resulting products were racemic. Considering this, 
additional control experiments were performed without a base to assess the impact of 
background reactivity. Using both Lambert's catalyst IX and Takemoto’s catalyst XIII 
resulted in conversions up to the quantity of the used catalyst, yet the obtained 
products were racemic. 

Regarding phase-transfer catalysis, Cinchonidine-derived catalysts XV and XVI 
exhibited slightly better conversions than Cinchonine-derived catalyst XIV. The reaction 
exhibited noticeable acceleration when a stronger base (K2CO3) was employed, 
surprisingly resulting in higher diastereoselectivities than when using the weaker 
NaHCO3. Nevertheless, what holds greater significance was the absence of 
enantioselective induction in either case. 

PyBox-derived ligands were also utilised in the investigated rearrangement reaction 
due to their well-established suitability for forming a complex with 1,3-dicarbonyl 
compounds in the presence of metal salts. Furthermore, we hypothesised the 
occurrence of additional ionic interactions between the catalytic system and the 
substrate. However, despite extensive exploration involving various combinations of 
Ca- and Cu-salts in different solvents, both at room temperature and elevated 
temperatures, the formation of the rearranged product was not observed. Moreover, 
introducing additional bases resulted in conversions corresponding solely to background 
reactions (Scheme 28). 
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Scheme 28 Exploration of enantioselective strategies in [2,3]-sigmatropic rearrangement reaction 
of ammonium ylides 

3.2 Asymmetric chemoenzymatic one-pot synthesis of α‑hydroxy  
half-esters (Publication II and unpublished results) 

Waste production is an inherent aspect of various processes, making complete 
elimination unfeasible. Nonetheless, it is possible to innovate and enhance efficiency in 
existing procedures or develop novel, more efficient ones. It is crucial to adhere to the 
atom-efficiency principle to enhance chemical processes. In addition, it is important to 
manage the formation of the by-product and eliminate unnecessary isolation steps 
whenever possible. Minimising the amounts of utilised chemicals is pivotal to generate 
less waste. Implementing catalytic systems instead of stoichiometric ones can yield 
notable benefits as, in this case, the amount of the used reagents was significantly 
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decreased. Furthermore, employing chemicals from renewable sources amplifies these 
advantages. As a result, our next endeavour focused on integrating the described 
principles for the synthesis of structurally complex α‑hydroxy half-esters by developing 
an asymmetric chemoenzymatic one-pot system. We envisioned demonstrating that a 
Ca2+-catalytic system, along with pig liver esterase (PLE), would be compatible and 
suitable for this one-pot operation. Both systems can be considered renewable sources. 
Calcium, being non-toxic and one of the most abundant elements in Earth’s crust,69 
qualifies as an ideal chemical candidate. PLE is an inexpensive and extensively employed 
enzyme for the asymmetric desymmetrisation of esters. The production of a crude 
mixture of isoenzymes of PLE involves only a few steps, including the extraction of the 
enzyme from porcine liver and subsequent lyophilisation of the obtained extract.70 
Therefore, implementing these two approaches in pursuit of our goal would be a small 
step towards promoting sustainability. To this end, we utilised the findings from our 
previous study on the [2,3]-Wittig rearrangement reaction of malonic derivatives65 as 
the starting point for further optimising its combination with enzymatic hydrolysis. 
Notably, intermediate isolation was avoided, leading to the successful synthesis of 
α-hydroxy half-esters bearing two contiguous quaternary and tertiary stereocentres 
(Scheme 29). 

 

Scheme 29 General concept for the asymmetric chemoenzymatic one-pot synthesis of α‑hydroxy 
half-esters 

PLE is a representative of the hydrolase family. These enzymes were deemed 
optimal for the biotransformation step as they exhibit a notable capability of catalysing 
the hydrolysis of both ester and amide bonds. Depending on the precise reaction 
conditions, they can also perform the reverse reaction, facilitating the formation of 
ester and amide bonds. Remarkably, this enzyme family is one of the most widely 
employed enzymatic catalytic systems in organic synthesis, for several reasons. Firstly, 
their ready commercial availability and low cost render them a pragmatic choice. 
Secondly, reactions involving hydrolases generally occur under reasonably mild 
conditions, minimising the need for harsh or extreme parameters. Additionally, 
hydrolases demonstrate remarkable selectivity. Furthermore, their inherent stability, 
which extends to their functionality even in the presence of organic co-solvents, further 
emphasises their utility. Their independence from additional co-factors also facilitates 
their appeal as biocatalysts, enhancing the feasibility of their integration into various 
synthetic processes.71  
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3.2.1 Preliminary study 
Before investigating the integration of diverse complex systems in a one-pot manner, 
we aimed to attain a comprehensive understanding of enzymatic hydrolysis with our 
system. To achieve that, the following studies were conducted:  

Supplementary study 1: Enzymatic hydrolysis with isolated racemic [2,3]-Wittig 
rearrangement product 
This study started with optimising enzymatic hydrolysis, utilising isolated racemic  
[2,3]-Wittig rearrangement product. This study was essential due to the multiple 
parameters that can influence enzyme performance, including buffer type and pH, 
additives, and temperature. The initial step involved identifying an enzyme that would 
effectively hydrolyse the sterically demanding rearrangement product. Among different 
hydrolases screened, PLE demonstrated moderate but promising activity, making it the 
preferred enzyme for subsequent study. Additional experiments were conducted to 
determine the optimal enzyme loading, which appeared to be 85 units of enzyme per 
milligram of starting material (U). Unfortunately, extensive optimisation of various 
combinations of buffers with numerous additives did not yield satisfactory results. 
Nevertheless, this investigation not only revealed solvent systems, additives and their 
ratios that were unsuitable for enzymatic hydrolysis and, thus, helped us to avoid 
screening these in the more complicated one-pot reaction, but also identified 
promising solvent systems, such as a phosphate buffer (pH 8.0) with 20% DMSO and a 
Tris buffer (pH 8.5) with 20% CHCl3, which were subsequently employed in further 
research. 

Supplementary study 2: Enzymatic hydrolysis with isolated enantioenriched [2,3]-Wittig 
rearrangement product 
We continued our investigation with enantioenriched [2,3]-Wittig rearrangement 
product to explore its potential to enhance enantioselectivities in enzymatic hydrolysis. 
Utilising the organocatalytic approach from our previous study (Scheme 22, A),  
the (R)-enantioenriched isomer of the rearrangement product was synthesised with  
an enantiomeric excess of 50%. Subsequently, employing the Ca2+-ligand system 
(Scheme 22, B), the (S)-enantioenriched isomer was obtained with an ee of 72%.  
Next, the influence of buffers and additives on the hydrolysis of (R)-enantioenriched 
isomer was studied (presented in Table 1). In all cases, significantly higher 
diastereoselectivities were observed with excellent enantioselectivity of the minor 
diastereomer (except for the Tris buffer (pH 8.4)/CHCl3 (8:2, 0.2 M), where the ee was 
lower). Generally, a higher pH value of the buffer facilitated a faster reaction, and the 
addition of DMSO increased the enantioselectivities of the major diastereomers, while 
decelerating the reaction. Moreover, the phosphate buffer demonstrated a positive 
influence on the reaction, leading to higher enantioselectivities than the Tris buffer. 
CHCl3 as an additive did not provide any benefits compared to DMSO. To ascertain 
whether the opposite (S)-enantioenriched isomer influenced the reaction outcomes, 
hydrolysis in the phosphate buffer (pH 8.0)/DMSO (8:2, 0.2 M), which demonstrated  
an optimal conversion-to-ee ratio for the (R)-enantioenriched isomer, was performed 
(Table 1, entry 10). A substantial decrease in diastereoselectivity was observed,  
with very low enantioselectivity of the major diastereomer starting from the  
(S)-enantioenriched isomer. These findings confirmed the enzyme’s clear preference for 
the (R)-enantioenriched isomer, prompting its use in subsequent experiments. 
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Table 1 Influence of the enantioenriched [2,3]-Wittig rearrangement product on the hydrolysis 

 

 

Entry Isomer Solvent system Conv., %a drb ee, %c 

major dr minor dr 

1 (R) TB (pH 8.5) 89 20:1 57 99 
2 (R) TB (pH 8.5)/CHCl3 (8:2) 36 13:1 73 76 
3 (R) TB (pH 8.5)/DMSO (8:2) 47 14:1 69 99 
4 (R) PB (pH 7.5) 43 25:1 80 nd 
5 (R) PB (pH 7.5)/CHCl3 (8:2) 18 19:1 83 99 
6 (R) PB (pH 7.5)/DMSO (8:2) 35 16:1 89 99 
7 (R) PB (pH 8.0) 81 15:1 68 99 
8 (R) PB (pH 8.0)/CHCl3 (8:2) 35 16:1 77 99 
9 (R) PB (pH 8.0)/DMSO (8:2) 64 14:1 79 99 

10 (S) PB (pH 8.0)/DMSO (8:2) 58 2:1 -11 99 

Reaction conditions: (R)- or (S)-46a (0.1 mmol), PLE (85 U), solvent system (0.2 M), rt, 24 h, 
vigorous stirring. a The conversion was determined by 1H NMR of the crude mixture and referred 
to the ratio of the starting material and the product. b The dr was determined by 1H NMR of the 
crude product. c The ee was determined by the chiral HPLC analysis of the sample obtained by 
preparative TLC; TB – Tris buffer, PB – phosphate buffer. 

Supplementary study 3: The influence of bases on PLE-mediated desymmetrisation 
Additionally, we investigated the possibility of combining a base-catalysed [2,3]-Wittig 
rearrangement reaction with hydrolysis. The hydrolysis results obtained with isolated 
racemic rearranged product rac-46a conducted in a Tris buffer (pH 8.4)/CHCl3 (8:2,  
0.2 M) solvent system was employed as a comparative benchmark (Scheme 30, A). 
Three different bases – TBD, imidazole and K2CO3 – were studied to assess their 
influence on the reaction. Chloroform was used in such an amount that the final  
buffer-cosolvent ratio in the hydrolysis step was 4:1. Once full conversion of the first 
step was achieved, an enzyme solution in the buffer was added (Scheme 30, B).  
The presence of both organic bases resulted in a deceleration of the reaction,  
while K2CO3 had no effect on the reaction rate. However, in all cases, diminished 
diastereoselectivities were obtained. Interestingly, all of the bases exhibited similar 
pattern, significantly reducing the enantioselectivities of the minor diastereomers while 
leaving the ee of the major diastereomers unaffected. Despite preserving the 
enantiomeric excesses in the major diastereomers, the overall results indicated a 
decline in enzyme activity in the presence of bases. Consequently, we decided not to 
pursue this topic further. 
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Scheme 30 The influence of bases on PLE-mediated desymmetrisation in a one-pot reaction;  
the diastereoselectivity represents a ratio of X:1  

3.2.2 Implementation of organocatalytic [2,3]-Wittig rearrangement/PLE-
mediated desymmetrisation in a one-pot reaction 
In our research group’s publication on the [2,3]-Wittig rearrangement of malonic 
derivatives65, which served as the basis for this study, two independent catalytic 
approaches were introduced (Scheme 22). However, no previous information was 
available regarding their influence on PLE-mediated hydrolysis. As a result, we  
initiated investigations into the compatibility of these systems, first employing  
the cyclopropenimine-catalysed method. This method was chosen as the [2,3]-Wittig 
rearrangement was initially optimised to proceed in CHCl3, a solvent proven to be 
suitable for hydrolysis, and containing only one additional parameter, the catalyst itself, 
which might influence enzyme performance.  

To assess the impact of the Lambert’s catalyst IX on the enzymatic performance of 
PLE, experiments using the isolated racemic Wittig product rac-46a were conducted in 
two distinct solvent systems: one without the catalyst and another with the addition 
required for the [2,3]-Wittig rearrangement of 20 mol% of the corresponding catalyst. 
In the Tris buffer with chloroform as an additive, the reaction proceeded smoothly, 
exerting no discernible influence on the reaction rate or selectivities. However, the results 
revealed a significant decrease in conversion when employing the phosphate 
buffer/DMSO solvent system. This phenomenon may be explained by the aggregation 
of the catalyst with the enzyme as a visual observation evidenced by the immediate 
formation of solid particles mixing with these components (Scheme 31).   
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Scheme 31 The influence of catalyst IX on hydrolysis; the diastereoselectivity represents a ratio of X:1 

Based on the potential compatibility between catalyst IX with enzymatic hydrolysis 
in the Tris buffer/chloroform solvent system observed in the preceding experiment,  
an integration of cyclopropenimine-catalysed [2,3]- Wittig rearrangement reaction and 
PLE-mediated hydrolysis in a one-pot reaction was conducted. To enable a comparison 
of outcomes, the hydrolysis was simultaneously performed with an isolated Wittig 
product having an enantiomeric purity (ee 49%) equal to that of the in situ formed 
rearranged product. Unfortunately, despite the encouraging earlier findings,  
the one-pot reaction exhibited a suppression of the biotransformation, demonstrating 
a substantial decrease in both the diastereoselectivity and enantioselectivity of the 
minor diastereoisomer. Phosphate buffer was also tested, yielding similar outcomes. 
Additionally, the same phenomenon of catalyst aggregation was observed in a reaction 
conducted within the phosphate buffer containing DMSO as a co-solvent (Scheme 32). 

 
Scheme 32 Integration of cyclopropenimine-catalysed [2,3]- Wittig rearrangement reaction and 
PLE-mediated hydrolysis in a one-pot process; the diastereoselectivity represents a ratio of X:1 
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3.2.3 Implementation of Ca2+-catalysed [2,3]-Wittig rearrangement/PLE-
mediated desymmetrisation in a one-pot reaction 
As the combination of the organocatalytic approach with PLE-mediated hydrolysis did 
not provide the desired results, we explored a possible implementation of Ca2+-catalysed 
[2,3]-Wittig rearrangement with enzymatic desymmetrisation.  

To start with, compatibility experiments were conducted between the Ca2+-catalytic 
system and PLE. Employing a similar approach as with Lambert catalyst IX, hydrolysis 
experiments were carried out in the presence of a catalytic amount of Ca(NTf2)2,  
(R,S)-inda-PyBox (R,S)-L1 and imidazole (5 mol% of each component), using isolated 
rac-46a as a starting material. Surprisingly, different trends emerged compared to the 
outcomes observed with organocatalyst IX. A complete inhibition of PLE activity was 
noted in the Tris buffer/CHCl3 solvent system. In contrast, no discernible influence on 
hydrolysis results was observed when utilising either a phosphate buffer or a phosphate 
buffer/DMSO mixture (Scheme 33). 

 
Scheme 33 The influence of the Ca2+-catalytic system on hydrolysis; the diastereoselectivity 
represents a ratio of X:1 

The combination of a Ca2+-catalysed [2,3]-Wittig rearrangement with PLE-mediated 
hydrolysis in a one-pot reaction was performed next. A solvent exchange between two 
steps was required in this sequential process as the first reaction had to be performed 
in methanol. This choice of solvent was confirmed as optimal, as it was the only 
condition in which no transesterification products emerged during the [2,3]-Wittig 
rearrangement that otherwise interfered with enzymatic hydrolysis, leading to the 
formation of an inseparable mixture of products. Upon simple evaporation of the 
methanol, PLE and a corresponding solvent system were added to the reaction mixture 
initiating the desymmetrisation of the intermediate 46a. Different buffer systems were 
evaluated at various temperatures. Gratifyingly, the Ca2+-catalytic system proved 
suitable for PLE-mediated hydrolysis, revealing phosphate buffer (pH 8.0) containing 
20% DMSO at 35 °C to be the optimal conditions for the second step of the one-pot 
reaction (Scheme 34). 



41 

 

Scheme 34 Integration of a Ca2+-catalysed [2,3]- Wittig rearrangement reaction and PLE-mediated 
hydrolysis in a one-pot process; the diastereoselectivity represents a ratio of X:1, *Conversion 
remained the same after 24 h 

Subsequently, the scope of the one-pot reaction was investigated. Earlier, while 
exploring the hydrolysis mediated by PLE with an enantioenriched rearranged product, 
it was established that achieving a high degree of enantioselectivity required the  
(R)-enantioenriched enantiomer (Table 1). The same pattern emerged in the case of the 
one-pot process. Specifically, employing the (S,R)-inda-PyBox (S,R)-L1, which yielded 
the (S)-enantioenriched enantiomer of the intermediate, resulted in a decelerated 
reaction accompanied by a significant decrease in the enantioselectivity of the half-ester 
59a (ee of the major diastereomer 27%). Thus, (R,S)-ligand (R,S)-L1 was utilised in all 
further experiments. Substitutions on the meta- or para-positions of the phenyl ring 
were well tolerated without substantial influence on the overall outcomes (products 
59c – 59f). Conversely, introducing ortho-substitution (45b) led to a pronounced 
enhancement in diastereoselectivity (dr 20:1), concomitant with a substantial decrease 
in the ee’s of both diastereomers. Surprisingly, a similar decline in enantioselectivity, 
coupled with reaction deceleration, was observed when the phenyl ring was replaced 
with an indanyl moiety (45h). At the same time, a substrate with a similarly bulky 
naphthyl substituent (45g) yielded high enantioselectivities for both diastereomers.  
A plausible explanation for these observations may be connected to differences in the 
spatial arrangements of substituents, which impact their fitting within the active site of 
PLE. Utilising a heteroaromatic thienyl group (45i) led to enhanced diastereoselectivity, 
albeit with a lower enantioselectivity for the major diastereomer. Notably, the crotyl-
derived 45j required a prolonged duration of seven days to achieve complete conversion 
in the [2,3]-Wittig rearrangement, yielding the poor diastereoselectivity of the one-pot 
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reaction with diminished enantioselectivity of half-ester 59j. On the other hand,  
the reaction involving starting material with the bulkier diethyl malonic derivative 45k 
was slightly slower, yet yielded the one-pot product 59k with high enantioselectivities 
and even greater diastereoselectivity than the analogous dimethyl malonic derivative 
(Scheme 35). 

 
Reaction conditions: 45a-k (0.3 mmol), Ca(NTf2)2 (5 mol%), (R,S)-L1 (5 mol%), imidazole (5 mol%), 
MeOH (0.1 M) were stirred at 60 °C for 20 h (if not stated otherwise), followed by solvent 
evaporation and the addition of 255 U of crude PLE, phosphate buffer (pH 8.0)/DMSO (8:2, 0.2 M).; 
isolated yields after column chromatography. The major diastereomer is depicted in the scheme. 
The dr was determined by the 1H NMR of the crude product. The ee was determined by the chiral 
HPLC of the isolated product. a The hydrolysis was completed after 24 h. b (S,R)-L1 was used. c The 
hydrolysis was completed after 48 h. d Diastereoisomeric ratio of the isolated product is presented. e 

The [2,3]-Wittig rearrangement reaction was completed after seven days. f The [2,3]-Wittig 
rearrangement reaction was conducted in absolute EtOH. 

Scheme 35 The scope of the one-pot reaction 
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Overall, the demonstrated method can be considered remarkably robust, as it 
effectively tolerated a diverse range of substrates with different allylic substituents, 
especially considering that enzymes typically exhibit an extremely high substrate 
specificity due to their well-organised and relatively inflexible active sites. 
Unfortunately, the diastereomers remained indistinguishable in their half-ester form. 
However, subsequent amidation of the carboxylic acid moiety led to the formation of 
chromatographically separable diastereomers, making it possible to obtain corresponding 
amides with high enantioselectivities. 

3.3 Primary amines as heterogeneous catalysts in an enantioselective 
[2,3]-Wittig rearrangement reaction (Publication III and unpublished 
results) 

Enhancing performance and reusability have consistently been key factors in the 
pursuit of the efficient utilisation of natural resources. The United Nations has compiled 
a list of Sustainable Development Goals that address the problems that need to be 
overcome and emphasise the importance of continuous improvement. Among the 
spectrum of objectives, this list includes such concerns as sustainable industrialisation, 
reasonable consumption, waste production and reusability of materials.72 The scientific 
community has the capacity to effect significant changes by improving chemical 
processes, making them environmentally more sustainable. The field of organocatalysis 
has proved itself to be very useful in asymmetric synthesis.73,74 However, one of the 
biggest obstacles for industry that limits its widespread application is associated with 
catalyst regeneration.75 One plausible way to overcome this limitation is by applying 
heterogeneous catalysis.76  

The general synthetic methodology involving the utilisation of catalysts immobilised 
on insoluble resin represents a process characterised by operational simplicity. In this 
concept, following the completion of the reaction, the reaction mixture should just be 
filtrated. The desired product is simply recoverable from the supernatant, while the 
utilised catalyst can be purified through a straightforward washing process involving 
various solvents, thereby restoring its catalytic efficiency. Upon completion of the 
drying step, the regenerated catalyst can be re-employed in subsequent reactions 
involving a fresh batch of the initial starting material (Scheme 36). Fine-tuning of the 
immobilisation techniques offers the potential for generating a diverse range of chiral 
organocatalysts on solid support, thus facilitating their recyclability. 

 

Scheme 36 General concept for synthesis utilising immobilised catalysts 
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Our study involved integrating the elucidated approach with the [2,3]-Wittig 
rearrangement of cyclohexanone derivatives, a reaction previously investigated within 
our research group.61 This reaction was selected as a model system due to the possibility 
of employing structurally simple chiral primary amines as catalysts. Nevertheless,  
as mentioned above, the optimisation of this rearrangement reaction revealed certain 
challenges. In particular, it brought to light the significant problem of epimerisation 
occurring within the product under the rearrangement conditions. This phenomenon 
had a detrimental impact on the enantioselectivity of the reaction, with a more 
noticeable effect on the minor diastereomer. Furthermore, typical of organocatalysis, 
though still noteworthy, a high amount of catalyst (20 mol%) was required to achieve 
the desired reaction efficacy. Thus, to overcome those limitations, we envisioned a 
promising strategy involving using amino acids anchored to resin support as catalysts 
(Scheme 37). 

 

Scheme 37 General concept of the use of immobilised catalysts for the [2,3]-Wittig rearrangement of 
cyclohexanone derivatives 49 

3.3.1 Synthesis of the immobilised catalysts 
Numerous techniques exist for anchoring organic molecules on insoluble resin 
matrices. The available strategies allow for the introduction of various chemical bonds 
between the organic moieties and the resin, offering the flexibility to incorporate 
structurally diversified linkers of variable lengths. For this study, a range of catalysts 
attached to diverse resins was prepared with the aim of determining the influence of 
these parameters on the catalytic efficacy of the immobilised catalysts in the 
corresponding rearrangement reaction. Cross-linked polystyrene-based resins were 
employed in all cases to ensure the heterogeneous nature of the catalysts. All synthesised 
catalysts were characterised by IR analysis, and their loadings were quantified via 
elemental analysis (Scheme 38). 

Three distinct methodologies were used to immobilise amino acids on the resins. 
Firstly, the Boc-protected amino acids were covalently anchored to the widely known 
Merrifield resin. This conjugation involved nucleophilic displacement of the chlorine 
atom facilitated by potassium fluoride, which activated the corresponding carboxylic 
acid moieties of amino acids, yielding catalysts XVII – XIX with loadings in the range of 
0.59 – 0.64 mmol/g (Scheme 38, A). Subsequently, a Wang resin bearing a hydroxy group 
was functionalised with Fmoc-protected amino acids. This entailed the utilisation of the 
classic peptide coupling system hydroxybenzotriazole (HOBt)/N,N′-diisopropylcarbodiimide 
(DIC). To eliminate possible interference from residual free hydroxy groups on the 
resin, an additional blocking step employing acetic anhydride was conducted, affording 
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catalysts XX – XXIII, exhibiting loadings ranging from 0.38 to 0.69 mmol/g (Scheme 38, B). 
Utilising the same coupling system, the introduction of Boc-protected amino acids to 
(aminomethylated)polystyrene was carried out. This variation sought to discern the 
influence of the attachment bond between the catalytic moiety and the resin. Herein, 
three different strategies were employed to block the remaining free amino groups of 
the resin, which otherwise could have participated in the reaction, leading to a racemic 
background reaction. These protocols yielded a series of immobilised catalysts XLV to 
LII, end-capped with acetic and pivaloyl moieties or alkylated with methyl iodide.  
The obtained catalysts exhibited comparable functionalisation levels, falling within the 
range of 0.38 – 0.59 mmol/g (Scheme 38, C).  

In pursuit of a comprehensive exploration of the effects of anchoring bonds,  
a set of amino acids was transformed into the corresponding amino alcohols. These 
amino alcohols were then used for direct attachment to the Merrifield resin via 
nucleophilic substitution mediated by sodium hydride. Regrettably, this approach 
proved unsuccessful, as the intramolecular addition of the deprotected alcohol to the 
Boc-protecting group caused the formation of an oxazolidinone ring attached to the 
resin (compound XXX, Scheme 38, D). Despite this obstacle, the ether bond was 
introduced by adding a linker with a terminal triple bond. This linkage was incorporated 
into the azide analogue of the Merrifield resin via click chemistry, resulting in catalysts 
XXXI to XXXIII, bearing triazole rings with slightly higher loadings, ranging from 0.63 to 
0.72 mmol/g (Scheme 38, E).  

Two independent catalysts XXXIV and XXXV integrated into the Merrifield resin were 
also synthesised. To ascertain the potential influence of the bulkiness of the primary 
amine on the enantioselectivity of the rearrangement reaction, catalyst XXXIV, derived 
from quinine, was prepared. This involved a multi-step procedure, resulting in a 
functionalisation level of 0.6 mmol/g (Scheme 38, F). In addition, the presence of a free 
hydroxy group made it possible to anchor modified tyrosine as well, yielding catalyst 
XXXV, albeit with a relatively low loading of 0.34 mmol/g (Scheme 38, G). 

Within this study, a range of commercially available catalysts were also incorporated. 
These catalysts were immobilised on Wang (Scheme 38, B, commercial) or PAM resins 
(Scheme 38, H, commercial), distinguished by variations in the linker functionality 
connecting the organic moiety and the polystyrene resin. A deprotection step for the 
amino group was necessary to obtain the active catalysts, as primary amines are 
essential for the [2,3]-Wittig rearrangement reaction. 
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Scheme 38 Synthesised and commercial catalysts on the resins used in this work 
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3.3.2 Application of the immobilised catalysts in the [2,3]-Wittig 
rearrangement of cyclohexanone derivatives 
Subsequently, the comprehensive set of synthesised and commercially available 
catalysts was implemented in the asymmetric catalytic [2,3]-Wittig rearrangement of 
cyclohexanone derivatives 49. The previously established conditions, which had been 
optimised for homogeneous catalysis, were employed as the initial reference for  
this study. Specifically, 20 mol% of the corresponding heterogeneous catalyst and  
para-nitrobenzoic acid were shaken in 0.2 M CDCl3 at 300 rpm and 50 °C, yielding the 
product (S,S)-50a (Scheme 39).  

Attempting to derive meaningful information regarding the impact of catalyst 
substituents on the outcome of the rearrangement reaction proved complex. Overall, 
catalysts XVII to XIX, linked through an ester bond to the Merrifield resin, exhibited 
moderate activity levels (conversions 48 – 80%). Regrettably, these catalysts yielded 
products with notably low enantioselectivities for both diastereomers. Likewise, 
catalysts XX – XXVIII, integrated into the Wang resin characterised by an ether-bonded 
linker, demonstrated similar limitations in enantioselectivity. However, interestingly, an 
acceleration of the reaction rate was observed when catalysts with bulkier substituents 
bearing trityl fragments were employed. 

Catalysts XXXVI – XLIV immobilised on the PAM resin yielded reasonable conversions, 
ranging from 30% to 78%. However, it appeared that the functionality of the resin’s 
linker of these catalysts had a comparatively modest influence on the selectivity of the 
reaction as the products were obtained with relatively low enantioselectivities.  

Surprisingly, despite our expectations for catalysts XXXI – XXXIII, attached via the 
triazole moiety, these catalysts showed minimal catalytic activity in the rearrangement 
reaction, yielding only 5 – 6% conversion. A plausible explanation for this outcome was 
connected to the degradation of catalysts under the rearrangement conditions, as a 
noticeable colour change was observed after several hours of heating the reaction. 

Catalyst XXXIV, derived from the bulkier Cinchona alkaloid, increased the 
enantioselectivities of the products, although this enhancement was accompanied by a 
mere 7% conversion rate. Conversely, catalyst XXXV, prepared from tyrosine, not only 
enhanced enantioselectivities but also exhibited reactivity sufficient for further 
optimisation. This finding led to the hypothesis that the adjacency of the amide’s 
proton to the catalytic primary amine might produce a cooperative effect, contributing 
to enhanced stereoinduction. Consequently, the series of catalysts XLV – LII linked 
through an amide bond was synthesised and subsequently applied. Gratifyingly, 
redesigning catalysts enhanced the enantioselectivities for the desired products, in 
addition to good to excellent conversions rates to the [2,3]-Wittig rearrangement 
product. 
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Scheme 39 Screening of immobilised catalysts in the [2,3]-Wittig rearrangement reaction of 
cyclohexanone derivatives 49a; the diastereoselectivity represents a ratio of X:1 
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3.3.3 Recyclability of the immobilised catalysts 
Given that the principal objective of immobilising the catalysts on the resin involved 
enabling their repeated use, a comprehensive study on recyclability was conducted. All 
catalysts used in the recycling study underwent filtration upon the completion of the 
[2,3]-Wittig rearrangement reaction. Following filtration, they were subjected to a 
washing procedure employing CHCl3 and MeOH, followed by 24 hours of vacuum 
drying. Subsequently, a new cycle of the rearrangement reaction was initiated by 
introducing a fresh batch of reactants. 

Initially, our investigation aimed to assess the possibility of recycling catalysts 
anchored to the resin through ester bonds. Among this series, the catalysts XXVIII, XLI 
and XLII, which exhibited the most promising performance, were isolated after the first 
reaction cycle, and were subjected to a subsequent rearrangement reaction. In all 
cases, reduced reactivity and diminished enantioselectivities of both diastereomers 
were observed after the second cycle. To explain these outcomes, we conducted 
elemental analysis, IR spectroscopy and SEM on the reused catalysts. Notably, no 
evidence of a leakage of the organic component from the immobilised catalysts was 
detected, as indicated by consistency in the nitrogen content between freshly prepared 
catalysts and those subjected to the second cycle. Nevertheless, the IR spectra revealed 
an additional band in the carbonyl region (see Publication III, Figure 1). This observation 
led us to infer the occurrence of intramolecular amidation reactions involving the 
primary amine, either with another amino acid moiety or an acetyl group formed 
during the end-capping process. Consequently, this could result in the blockage of the 
catalytic sites (Scheme 40, A). Given these findings, we also explored the reusability of 
catalyst XXXV, which was linked to the resin through an ether bond. Despite the absence 
of ester moieties in this catalyst, a similar pattern emerged, with a deceleration of the 
reaction and a decrease in the enantiomeric excess of the product. In this case, SEM 
analysis revealed the presence of unreacted chloride moieties, which could have 
contributed to the alkylation of the primary amines. Unfortunately, efforts to enhance 
the reusability of catalyst XXXV were unsuccessful, as we could not eliminate the 
unreacted chloride, even after the application of end-capping (Scheme 40, B). 
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Scheme 40 Recyclability study with ester- and Merrifield-bonded catalysts and a plausible 
deactivation mechanism; the diastereoselectivity represents a ratio of X:1 

Thus, we proceeded with further investigations into recyclability, employing the 
amide-bonded catalysts XLV to XLIXa, which were end-capped with acetic moieties. 
Despite these catalysts being designed to be devoid of ester moieties and, therefore, 
the possibility of alkylation, reusability was not achieved. Consistent with our previous 
observations with ester-bonded catalysts, the emergence of an additional carbonyl 
band in the IR spectra was detected. This observation indicated the potential 
occurrence of an undesired intramolecular acyl-shift connected to the end-capping 
process (Scheme 41, A). Furthermore, catalyst XLIXb, which underwent end-capping via 
alkylation with methyl iodide, showed slightly more promising results. A decline in 
conversion and enantioselectivities remained evident after the second cycle, indicating 
that it could not be effectively reused again (Scheme 41, B). Next, an end-capping 
strategy utilising bulkier pivaloyl chloride was applied, yielding catalyst XLIXc. 
Encouragingly, catalyst XLIXc exhibited reactivity and selectivity similar to the 
previously examined catalysts XLIXa and XLIXb during the first cycle while maintaining 
their productivity in the second cycle. (Scheme 41, C). 
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Scheme 41 Recyclability study with amide-bonded catalysts and different end-capping strategies; 
the diastereoselectivity represents a ratio of X:1 

After identifying a suitable end-capping method that did not hinder catalytic activity, 
thereby enabling the successful completion of the second cycle of the [2,3]-Wittig 
rearrangement reaction, we turned to assessing the potential number of cycles 
achievable with the same catalyst. To this end, from the series of amide-bonded 
catalysts that were end-capped with pivaloyl chloride, we selected the most promising 
catalysts, XLIXc and L. Interestingly, despite the stability of catalyst XLIXc during four 
cycles of the rearrangement reaction, we observed a rapid decline in activity during  
the fifth cycle, indicated by a decrease in conversion and selectivities (Figure 1, A). 
Conversely, catalyst L exhibited better stability, managing six cycles of the rearrangement 
reaction without significant variations in the reaction outcomes. However, starting with 
the seventh cycle, a noticeable decrease in the conversion became apparent, although, 
in comparison to catalyst XLIXc, without a decrease in diastereo- or enantioselectivities 
(Figure 1, B). In addition, a simplified isolation procedure was developed, involving just 
filtration and basic extraction of the resultant supernatant, which yielded the pure 
product (S,S)-50a with an 84% yield. It is worth noting that the epimerisation problems, 
observed during the reaction with homogeneous catalyst were also eliminated,  
as the enantioselectivities of the obtained product (S,S)-50a remained the same  
(see: Publication III, Figure 6). 
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Figure 1 Recycling study with catalysts XLIXc (A) and L (B) 

Despite successfully designing reusable immobilised catalysts, their activity eventually 
declined. To determine the underlying reasons for this decline, we conducted elemental 
analysis, SEM and IR spectroscopy on both freshly prepared and reused catalysts XLIXc 
and L. Both catalysts’ elemental analysis and SEM did not reveal any significant 
differences, whereas notable changes were detected in the IR spectra. As observed 
previously, an additional carbonyl band appeared (1706 cm-1). However, only in the 
case of catalysts attached to the (aminomethylated)polystyrene did a distinctive band 
emerge, at 2245 cm-1, characteristic to carbamate functional groups. This observation 
suggested that the primary amines within catalysts XLIXc and L reacted with CO2 under 
the [2,3]-Wittig rearrangement conditions, leading to the formation of corresponding 
carbamate derivatives as deactivated catalysts (Figure 2).77,78  
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Figure 2 Outtakes from the IR spectra of initial (A) and six times-recycled (B) catalyst L 

In summary, highly performing and reusable catalysts immobilised on the 
(aminomethylated)polystyrene were designed. Therefore, utilising their recyclability, 
we improved the efficiency of the asymmetric [2,3]-Wittig rearrangement reaction of 
cyclohexanone derivatives 49.  
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4 Conclusions 

• A rapid and highly diastereoselective auxiliary-based [2,3]-sigmatropic 
rearrangement reaction of ammonium ylides was developed leading to the 
formation of non-natural amino acid analogues (dr up to 15.7:1). 

• Two different catalytic systems were tested for compatibility with enzymatic 
catalysis. The combination of an organocatalytic cyclopropenimine-based 
[2,3]-Wittig rearrangement reaction of malonate derivatives with enzymatic 
desymmetrisation showed strong inhibition of the PLE. However, PLE 
remained active in the presence of a Ca2+-catalytic system. 

• A chemoenzymatic one-pot method for the implementation of an 
asymmetric Ca2+-catalysed [2,3]-Wittig rearrangement reaction of malonate 
derivatives with enzymatic desymmetrisation was developed. This method 
allowed for the synthesis of structurally complex and diverse α-branched 
half-esters containing vicinal quaternary-tertiary stereocentres with high 
diastereoselectivities (up to 20:1), good enantioselectivities of the major 
diastereomers (up to 81%) and excellent enantioselectivities of the minor 
diastereomers (up to 99%). 

• Various polystyrene-supported heterogeneous chiral aminocatalysts were 
prepared for the [2,3]-Wittig rearrangement reaction of cyclohexanone 
derivatives and were characterised by elemental analysis, IR and SEM. 
Among these immobilised catalysts, (aminomethylated)polystyrene-based 
aminocatalysts exhibited the best catalytic performance in terms of activity 
and enantioselectivity, resulting in full conversion of the rearranged 
products with enantiomeric purity of up to 86% for both diastereomers.  

• Two parameters influenced the recyclability of the designed catalysts: 
o The attachment bond. Catalysts prepared through the 

implementation via an ester bond were prone to an intramolecular 
trans-amidation reaction, which led to the deactivation of the 
catalytic primary amines. 

o Bulkiness of the end-capping moiety. Catalysts end-capped with an 
acetyl group led to diminished reactivity and selectivities in the 
second cycle. However, using pivaloyl chloride to block 
unprotected amino groups of (aminomethylated)polystyrene resin 
allowed to improve the reusability of the catalysts. Catalyst L 
showed excellent catalytic performance in six consecutive cycles 
without any sign of deactivation. 

• The recovery of the (aminomethylated)polystyrene-based catalysts from 
the reaction mixture was achieved through a filtration and washing 
sequence. Therefore, a straightforward procedure involving basic extraction 
was sufficient to separate the pure cyclic α-hydroxyketone rearranged 
product (S,S)-50a in 84% yield. 

 
 



55 

5 Experimental 

Example of the general procedure with model compound trans-55b for the 
diastereoselective [2,3]-sigmatropic rearrangement reaction of ammonium salts 
(Publication I) 

The suspension of ammonium salt trans-55b (74 mg, 0.2 mmol) and TBD (30.6 mg,  
0.22 mmol) in CHCl3 (0.8 mL) was stirred at rt for 1 min. The crude mixture was 
concentrated and purified by column chromatography (5 – 15% EtOAc/DCM) affording 
product 56b (55 mg, 95%) as a white solid. 

Major diastereomer: 1H NMR (400 MHz, CDCl3): δ = 7.31–7.23 (m, 4 H, Ar), 7.21–7.15 
(m, 1 H, Ar), 5.84 (ddd, J = 17.1, 10.1, 8.9 Hz, 1 H, CH2CH), 5.36 (d, J = 11.3 Hz, 1 H, 
COCH), 5.02 (dt, J = 17.0, 1.0 Hz, 1 H, CH2CH), 4.92 (dd, J = 10.1, 1.4 Hz, 1 H, CH2CH), 
4.38–4.29 (m, 2 H, CH2O), 4.06–3.88 (m, 2 H, CH2N), 3.79 (dd, J = 11.2, 8.9 Hz, 1 H, 
ArCH), 2.22 (s, 6 H, N(CH3)2). 13C NMR (101 MHz, CDCl3): δ = 171.7, 153.6, 140.9, 138.7, 
128.6 (2 C), 128.1 (2 C), 126.7, 116.8, 65.2, 61.9, 50.4, 42.1, 41.2 (2 C). 

Minor diastereomer: 1H NMR (400 MHz, CDCl3): δ = 7.31–7.23 (m, 4 H), 7.21–7.15 (m,  
1 H), 6.12 (ddd, J = 16.5, 10.7, 8.6 Hz, 1 H), 5.29 (d, J = 11.5 Hz, 1 H), 5.12–5.09 (m, 1 H), 
5.09–5.05 (m, 1 H), 4.20–4.09 (m, 1 H), 3.95–3.87 (m, 1 H), 3.77–3.71 (m, 2 H),  
3.52–3.35 (m, 1 H), 2.41 (s, 6 H). 

HRMS (ESI): m/z [M + Na]+ calcd for C16H20NaN2O3: 311.1366; found: 311.1371. 

Example of the general procedure with model compound 45a for the 
chemoenzymatic one-pot synthesis of α-hydroxy half-esters (Publication II) 

To a solution of dimethyl 2-(cinnamyloxy)malonate 45a (79 mg, 0.3 mmol) in methanol 
(3 mL), Ca(NTf2)2 (9 mg, 0.015 mmol), (R,S)-inda-PyBox (5.9 mg, 0.015 mmol), and 
imidazole (1 mg, 0.015 mmol) were added. The reaction mixture was stirred at 60 °C for 
20 h. After evaporation of the solvent, the crude intermediate trans-46a was 
suspended in DMSO (0.3 mL) and sodium phosphate buffer (pH 8.0, 1.2 mL). PLE (255 U) 
was added, and the mixture was stirred at 35 °C for 24 h. It was then acidified to pH 2 
with 1 M aq HCl solution and extracted with diethyl ether. The combined organic layers 
were dried over MgSO4. After filtration, the solvent was removed in vacuo, and the 
crude carboxylic acid was purified by column chromatography on silica gel (2% EtOAc in 
DCM, followed by 2% EtOAc in the DCM/formic acid 99/1 mixture), providing product 
59a (64 mg, 85%) as an off-white solid.  

Major diastereoisomer: ee 73% [Chiralpak AD-H, hexane (TFA 0.01%)/iPrOH = 95:5, flow 
rate = 1.0 mL/min, 25 °C, λ = 210 nm; tR (major) = 39.0 min and tR (minor) = 34.9 min]. 
1H NMR (400 MHz, CDCl3) δ 7.35−7.21 (m, 5H, ArH), 6.15 (ddd, J = 17.1, 10.2, 9.0 Hz, 1H, 
CHCH2), 5.30−5.19 (m, 2H, CH2), 4.32 (d, J = 9.0 Hz, 1H, CHAr), 3.69 (s, 3H, CH3). 13C NMR 
(101 MHz, CDCl3) δ 169.8, 169.5, 137.3, 134.0, 129.0 (2C), 128.7 (2C), 128.0, 119.8, 
83.1, 55.3, 54.3. 
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Minor diastereoisomer: ee 99% [Chiralpak AD-H, hexane (TFA 0.01%)/IPrOH = 95:5, flow 
rate = 1.0 mL/min, 25 °C, λ = 210 nm; tR (major) = 68.7 min]. 1H NMR (400 MHz, CDCl3)  
δ 7.41−7.20 (m, 5H, ArH), 6.21−6.07 (m, 1H, CHCH2), 5.22−5.17 (m, 2H, CH2), 4.31 (d,  
J = 9.3 Hz, 1H, CHAr), 3.92 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 170.4, 169.3, 137.0, 
134.7, 129.4 (2C), 128.6 (2C), 127.9, 119.1, 82.9, 55.2, 54.7. 

HRMS (ESI): m/z [M− H]− calcd for C13H13O5: 249.0768; found: 249.0772. 

Example of the general procedure of the use of heterogeneous catalysts with model 
compound 49a for the enantioselective [2,3]-Wittig rearrangement reaction of 
cyclohexanone derivatives (Publication III) 

To a solution of 2-(cinnamyloxy)cyclohexan-1-one 49a (0.24 mmol, 55 mg) in CDCl3  
(1.2 mL), catalyst XXIX (f = 0.38 mmol/g, 0.048 mmol, 126 mg) and p-NBA (0.048 mmol, 
8 mg) were added. The reaction mixture was shaken at 50 °C for 16 h. The polystyrene-
supported catalyst was removed by filtration and the sat. aq. NaHCO3 (5 mL) was added 
to the supernatant. Then, the aqueous layer was extracted with CHCl3 (3 × 5 mL).  
The combined organic phases were dried (Na2SO4), filtered, and concentrated under 
reduced pressure to give the product (S,S)-50a (46 mg, 84%) as a white amorphous 
solid. 

Major diastereomer: ee 86% [Chiralcel OJ-H column, hexane/iPrOH 7:3, flow rate  
1 mL/min, 35 °C, l = 210 nm; tR (major) = 7.7 min and tR (minor) = 11.8 min]. 1H NMR 
(400 MHz, CDCl3): δ = 7.43–7.36 (m, 2H, ArH), 7.35–7.27 (m, 2H, ArH), 7.26–7.20 (m, 1H, 
ArH), 6.60 (dt, J = 15.8, 1.5, 1H, CHAr), 6.30 (ddd, J = 15.9, 6.5, 5.8, 1H, CH2CH), 4.37 
(ddd, J = 12.6, 5.8, 1.5, 1H, OCH2), 4.13 (ddd, J = 12.6, 6.5, 1.4, 1H, OCH2), 3.93 (ddd,  
J = 10.3, 5.5, 1.3, 1H, CHOCH2), 2.63–2.45 (m, 1H, CH2), 2.37–2.17 (m, 2H, CH2),  
2.08–1.90 (m, 2H, CH2), 1.88–1.60 (m, 3H, CH2). 13C NMR (101 MHz, CDCl3): δ = 210.3, 
136.7, 133.0, 128.7, 127.9, 126.7, 125.8, 81.8, 70.6, 40.8, 34.7, 27.8, 23.4. 

Minor diastereomer: ee 86% [Chiralcel OJ-H column, hexane/iPrOH 7:3, flow rate  
1 mL/min, 35 °C, l = 210 nm; tR (major) = 34.6 min and tR (minor) = 9.8 min]. 

Compound XXX (R = Ph, secBu) 

Merrifield resin (200 mg, f = 1.02 mmol/g) with KI (3.4 mg, 0.02 mmol) were suspended 
in 4 mL DMF and allowed to swell for 20 min. Corresponding aminoalcohol (0.24 mmol) 
and sodium hydride (12 mg, 0.31 mmol, 60% in mineral oil) were added to the 
suspension, and the reaction mixture was shaken at 50 °C for 48 h. The solid was 
filtered and washed successively with DMF, H2O, MeOH, MeOH:THF (1:1) and THF.  
The solid was dried in vacuo for 24 h. 

R = Ph 
IR (KBr): v 1748 cm-1 (Carbonyl band of oxazolidinone moiety) 

R = secBu 
IR (KBr): v 1735 cm-1 (Carbonyl band of oxazolidinone moiety) 
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Catalysts XXXI – XXXIII  

Preparation of the azide-analog of the Merrifield resin 
Merrifield resin (3 g, f = 1.02 mmol/g) was suspended in 30 mL DMF and allowed to 
swell for 20 min. Sodium azide (4.55 g, 70 mmol) was added to the suspension, and the 
reaction mixture was shaken at 60 °C for 24 h. The solid was filtered and washed 
successively with H2O, THF, MeOH:THF (1:1), MeOH, and THF. The solid was dried in 
vacuo for 24 h. 
IR (KBr): v 2088 cm-1 (azide band) 
N elemental analysis: 4 %, f = 0.95 mmol/g. 

Click-reaction 
Azide-analogue of the Merrifield resin (200 mg, f = 1.02 mmol/g) was suspended in  
5 mL DMF:THF (1:1) and allowed to swell for 20 min. Corresponding alkyl amino alcohol 
(2 eq), DIPEA (79 mg, 0.612 mmol), and CuI (1.9 mg, 0.0102 mmol) were added to the 
suspension and the reaction mixture was shaken at 35 °C for 24 h. The solid was filtered 
and washed successively with THF, H2O, THF, MeOH:THF (1:1), MeOH, and THF.  
The solid was dried in vacuo for 24 h. 

Catalyst XXXI Ph 
IR (KBr): v 1707 cm-1 (Carbonyl band of Boc-protecting group, before deprotection) 
N elemental analysis: 4.32 %, f = 0.77 mmol/g. 

Catalyst XXXII Val 
IR (KBr): v 1708 cm-1 (Carbonyl band of Boc-protecting group, before deprotection) 
N elemental analysis: 4.01 %, f = 0.72 mmol/g. 

Catalyst XXXIII Bn 
IR (KBr): v 1708 cm-1 (Carbonyl band of Boc-protecting group, before deprotection) 
N elemental analysis: 3.89 %, f = 0.69 mmol/g. 
 
Table 2 Supporting information concerning compounds discussed in the thesis but not presented 
in the Experimental section can be found in the corresponding publications. 

Entry Compound number in thesis 
Compound number in publication 

I II III 

1 (R,S)-L1  
(R,S)-inda-

PyBox 
 

2 IX  I  

3 XVII   I 

4 XVIII   II 

5 XIX   III 

6 XX   IV 

7 XXI   V 

8 XXII   VI 

9 XXIII   VII 

10 XXIV   VIII 

11 XXV   IX 

12 XXVI   X 

13 XXVII   XI 

14 XXVIII   XII 
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15 XXXIV   XXII 

16 XXXV   XXIII 

17 XXXVI   XIII 

18 XXXVII   XIV 

19 XXXVIII   XV 

20 XXXIX   XVI 

21 XL   XVII 

22 XLI   XVIII 

23 XLII   XIX 

24 XLIII   XX 

25 XLIV   XXI 

26 XLV   XXIV 

27 XLVI   XXV 

28 XLVII   XXVI 

29 XLVIII   XXVII 

30 XLIXa   XXVIIIIa 

31 XLIXb   XXVIIIIb 

32 XLIXc   XXVIIIIc 

33 L   XXIX 

34 LI   XXX 

35 LII   XXXI 

36 45a  1a  

37 45b  1b  

38 45c  1c  

39 45d  1d  

40 45e  1e  

41 45f  1f  

42 45g  1g  

43 45h  1h  

44 45i  1i  

45 45j  1j  

46 45k  1k  

47 (R)-46a  (R)-2a  

48 (S)-46a  (S)-2a  

49 46b  2b  

50 46c  2c  

51 46d  2d  

52 46e  2e  

53 46f  2f  

54 46g  2g  

55 46h  2h  

56 46i  2i  

57 46j  2j  

58 46k  2k  

59 49a   1 

60 (S,S)-50a   2 
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61 55a 1a   

62 trans-55b trans-1b   

63 cis-55b cis-1b   

64 55c 1c   

65 55d 1d   

66 55e 1e   

67 55f 1f   

68 trans-55g trans-1g   

69 cis-55g cis-1g   

70 55h 1h   

71 55i 1i   

72 55j 1j   

73 55k 1k   

74 55l 1l   

75 55m 1m   

76 56a 2a   

77 56b 2b   

78 56c 2c   

79 56d 2d   

80 56e 2e   

81 56f 2f   

82 56g 2g   

83 56h 2h   

84 56i 2i   

85 56j 2j   

86 56k 2k   

87 56l 2l   

88 56m 2m   

89 57 3   

90 58 4   

91 59a  3a  

92 59b  3b  

93 59c  3c  

94 59d  3d  

95 59e  3e  

96 59f  3f  

97 59g  3g  

98 59h  3h  

99 59i  3i  

100 59j  3j  

101 59k  3k  
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Abstract 
Efficiency of Stereoselective [2,3]-Sigmatropic 
Rearrangement Reactions 

The widespread trend of heightened environmental awareness and global challenges 
dictates the path forward for all disciplines, including chemistry. It demands alignment 
with the broader pursuit of sustainability, thereby shifting to more responsible and  
eco-conscious scientific endeavours. The general tendency is to improve existing 
processes, develop innovative solutions and adopt sustainable practices. This 
requirement extends not only to the creation of more environmentally friendly 
materials and chemicals but also to the optimisation of processes, the reduction of 
waste, and the incorporation of renewable resources. 

The primary focus of this thesis has been to enhance the utility of [2,3]-sigmatropic 
rearrangement reactions, thereby potentially contributing to the ongoing challenges of 
sustainable and efficient chemistry. To start with, a stereoselective [2,3]-sigmatropic 
rearrangement of N-ammonium ylides was investigated. Various electron-withdrawing 
groups were screened, revealing that the inclusion of the oxazolidinyl moiety 
substantially increased the diastereoselectivity of the reaction (up to 15.7:1). Through 
further optimisation, a suitable base was identified, significantly reducing the reaction 
time to less than one minute.   

Another significant contribution involved the development of an efficient one-pot 
method, integrating an asymmetric Ca2+-catalysed [2,3]-Wittig rearrangement reaction 
with enzymatic desymmetrisation of malonic esters. This one-pot approach was 
versatile for synthesising α-hydroxy half-esters with vicinal quaternary and tertiary 
stereogenic centres. Notably, various α-branched sterically demanding esters were 
tolerated, streamlining the synthetic pathway without needing intermediate isolation 
and providing products with eemaj up to 81% and eemin up to 99%. 

Finally, acknowledging the increasing transition from the traditional linear approach 
of reactions (take, use and dispose) to a more sustainable circular approach (make, use 
and return), this thesis also addresses the recyclability of organocatalysts. A range of 
polystyrene-supported enantiomerically pure aminocatalysts were prepared for this 
purpose. The utilisation of amino acids anchored to (aminomethylated)polystyrene 
proved particularly effective in asymmetric [2,3]-Wittig rearrangement reactions of 
cyclohexanone derivatives. Through a simplified isolation procedure involving only 
filtration and washing steps, a model rearranged product was obtained in high yield 
(84%) and enantioselectivities (eemaj 86%, eemin 86%). Importantly, it was observed 
during optimisation that the end-capping of the heterogeneous catalysts plays a 
significant role in their reusability. Catalysts prepared with bulkier pivaloyl end-capping 
moieties exhibited exceptional recyclability, lasting up to six cycles without significant 
deactivation. 
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Lühikokkuvõte 
Stereoselektiivsete [2,3]-sigmatroopsete 
ümberasetusreaktsioonide efektiivsus 

Suurenenud keskkonnateadlikkus ning globaalsed väljakutsed määravad edasised 
arengusuunad kõigile teadusharudele, sealhulgas ka keemiale. Üldine suund 
jätkusuutlikkuse poole suunab ka teadust vastutustundlikumatele ja 
keskkonnateadlikumatele tegevustele. Seeläbi soovitakse parandada olemasolevaid 
protsesse, arendada innovaatilisi lahendusi ja võtta kasutusele jätkusuutlikud praktikad. 
See nõue ei laiene mitte ainult keskkonnasõbralikumate materjalide ja kemikaalide 
loomisele, vaid ka protsesside optimeerimisele, jäätmete vähendamisele ja taastuvate 
ressursside kaasamisele. 

Doktoritöö peamine eesmärk on aidata kaasa jätkusuutliku keemia arengule  
[2,3]-sigmatroopsete ümberasetusreaktsioonide väärtustamise kaudu. Kõigepealt, uuriti 
N-ammooniumüliidide stereoselektiivset [2,3]-sigmatroopset ümberasetusreaktsiooni. 
Erinevate elektronaktseptoorsete rühmade kasutamisel selgus, et oksasolidinüülrühma 
lisamine suurendas märkimisväärselt reaktsiooni diastereoselektiivsust (dr kuni 15,7:1). 
Edasise optimeerimise käigus leiti sobiv alus, mis vähendas oluliselt reaktsiooniaega 
viies selle alla ühe minuti. 

Järgmisena keskenduti efektiivse “ühe-kolvi“ meetodi väljatöötamisele, ühendades 
asümmeetrilise Ca2+-katalüütilise [2,3]-Wittigi ümberasetusreaktsiooni maloonestrite 
ensümaatilise desümmetriseerimisega. Antud “ühe-kolvi” lähenemine võimaldas 
sünteesida α-hüdroksüpoolestreid, mis sisaldavad vitsinaalseid kvaternaarseid ja 
tertsiaarseid stereogeenseid tsentreid. Reaktsioonis kasutati erinevaid α-asendatud 
steeriliselt mahukaid estreid ilma vaheühendi eraldamiseta. Reaktsiooni tulemusel 
saadi produktid kõrge enantiomeerse puhtusega (eemaj kuni 81% ja eemin kuni 99%). 

Teadvustades traditsioonilise lineaarse majandusmudeli (võta, tarbi, viska minema) 
ebatõhusust jätkusuutlikkuse seisukohast ning kasvavat üleminekut ringmajandusele 
(tooda, tarbi, taaskasuta), käsitleb see doktoritöö ka organokatalüsaatorite 
taaskasutamise aspekti. Selleks valmistati erinevaid polüstüreenile seotud 
enantiomeerselt puhtaid aminokatalüsaatoreid. Aminohapete kasutamine, mis olid 
seotud (aminometüüleeritud)polüstüreenile, osutus eriti tõhusaks asümmeetrilistes 
[2,3]-Wittigi ümberasetusreaktsioonides tsükloheksanooni derivaatidega. Lihtsustatud 
eraldamisprotseduuri abil, mis hõlmas ainult filtreerimist ja pesemist, saadi produkt 
kõrge saagise (84%) ja enantiomeerse puhtusega (eemaj 86%, eemin 86%). Leiti, et 
oluliseks sammuks korduvkasutatavuse saavutamiseks on katalüsaatori kandjal 
reageerimata jäänud aminorühmade kaitsmine. Katalüsaatoreid, mille vabad 
aminorühmad olid blokeeritud mahukama pivaloüülrühmaga, oli võimalik taaskasutada 
kuni kuus korda ilma nende olulise deaktiveerumiseta. 
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Appendix 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
Murre, A.; Erkman, K.; Kaabel, S.; Järving, I.; Kanger, T. Diastereoselective [2,3]-
Sigmatropic Rearrangement of N-Allyl Ammonium Ylides. Synthesis 2019, 51, 4183–4197. 
 
Reproduced by permission of Georg Thieme Verlag KG. 
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LHFNGSDSCESD�NJCPML�GJPN�SYJHXHG�FI�SIFIGHCOPDHGK�CB�FGMSFNG�tsn�SS̀zJS�CXGFHISL�DSNPMGN�HILHQFGSL�GJFG�XCGJ�CYFZCMHLHIKMFIL�QHIIFEKM�NPXNGHGPSIGN�HI�GJS�NGFDGHIR�QCEOCPIL�FDS�SN[NSIGHFM�GC�FQJHS_S�F�JHRJ�LHFNGSDSCNSMSQGH_HGK�CB�GJS�DSFQGHCÌzJS�DSMFGH_S�k�j[QCIBHRPDFGHCI�CB�GJS�ODCLPQG�̂ FN�LSGSD[EHISL�XK�F�NHIRMS�QDKNGFM��[DFK�NGDPQGPDS�FIFMKNHN�CB�QCE[OCPIL�f{�WyHRPDS�mF]̀��QQCDLHIR�GC�GJSNS�LFGFe�F�OCNNHXMSGDFINHGHCI�NGFGS�ECLSM�WyHRPDS�mX]�QFI�XS�ODCOCNSL�GC�SY[OMFHI�GJS�CDHRHI�CB�JHRJ�LHFNGSDSCNSMSQGH_HGK̀�zJS�DFGHC�CB�LHF[NGSDSCESDN�̂FN�LSGSDEHISL�XK�GJS�LHBBSDSIQSN�HI�SISDRHSNXSĜSSI��j��[�FIL����[GDFINHGHCI�NGFGSǸ\o�aI�GJS�QFNS�CB�GJSghijk[NPXNGHGPGSL�LCPXMS�XCILe�GJS��j���QKQMHQ�GDFINHGHCINGFGS�MSL�GC�GJS�BCDEFGHCI�CB�GJS�k�j[ODCLPQG�FIL�GJS����QKQMHQ�GC�GJS�ijgx[ODCLPQG̀�zJS�NGFQ�HIR�XSĜSSI�GJS�OJSIKMDHIR�FIL�QFDXCIKM�RDCPO�CB�GJS�CYFZCMHLHIKM�DHIR�NGFXHMHZSLGJS��j��[GDFINHGHCI�NGFGSe�FBBCDLHIR�EF�CD�LHFNGSDSCESD�f{^HGJ�k�j[QCIBHRPDFGHCÌ�zJS�NPXNGHGPSIGN�HI�GJS�OJSIKM�DHIRLHL�ICG�̂ SF�SI�GJS�HIGSDFQGHCI�XSĜSSI�GJS�OJSIKM�DHIRFIL�QFDXCIKM�RDCPÒ�zJS�BFQG�GJFG�NGFDGHIR�QCEOCPILN�̂HGJFI�SMSQGDCI[DHQJ�FIL�SMSQGDCI[OCCD�OJSIKM�DHIR�WT{�FIL�T|eDSNOSQGH_SMK]�MSL�GC�NHEHMFD�LHFNGSDSCNSMSQGH_HGHSN�DS_SFMSLGJFG�CGJSD�BFQGCDN�NJCPML�XS�FMNC�QCINHLSDSL̀�zJS�LHFNGSDSC[NSMSQGH_HGK�LDCOOSL�LDFNGHQFMMK�HB�GJS�CYFZCMHLHIKM�RDCPO�̂FNQJFIRSL�GC�GJS�ESGJCYK�RDCPO�WQCEOCPIL�f�]�CD�GJS�_HIKM[HQ�FDCEFGHQ�DHIR�̂ FN�NPXNGHGPGSL�BCD�GJS�ESGJKM�RDCPO
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º»¼½¾»¿ÀÁÀ�ÂÃÄ�Å¿¾¾Æ½½

�Ç½ÆÈÁÉÊÆËÃ�»Ì�ÅÁÍÎ½»¾»
ÏÃ�ÐÆÂÉ¿ÉÃÑ�Ò»ÓÃÉÆÏÎËÁÀ

�Ô¿ËÁÉÆ¿¾Ñ



����

����	
���
�������������
��������������������� ! �"���#�$%#�&	'()&	
*
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Appendix 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication II 
Murre, A.; Erkman, K.; Järving, I.; Kanger, T. Asymmetric Chemoenzymatic One-Pot 
Synthesis of α‑Hydroxy Half-Esters. ACS Omega 2021, 6, 20686–20698. 
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K�ẑ_KLM�N1O�-/&/0 P������O0��
QK
�� �-R' SO�0��
.T4�
�U��
O+&�F
�����T4�
����
O�F�&
��"�01234�&��31% 'H'�!
V+�0F�� XO+�+1% �1 ��1
 F�--�� XO+�+1% �1 ��1
 *�0FW*����
 01 'Y'1�
 -��+W-�!��
 01 '1�
 -��+W-��-�
 01 '1�
 &�&-�� XO+��1% 01 '1��
 !�F0�� !1 '1!
�0!'Z01[234�0�031% 'H'�!
V0*��+ 0*��! 0&F�-+ 0&-�� 0!!�� 0!��0��'
 0�!�+��'
 0���� +��& -&�- -&�-�56\89:@]=>?@;ABC>C=@A=DC>E���0,�'�������G�H#1 �������IJ����0,
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Appendix 3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication III 
Murre, A.; Mikli, V.; Erkman, K.; Kanger, T. Primary Amines as Heterogeneous Catalysts 
in an enantioselective [2,3]-Wittig rearrangement reaction. iScience 2023, 26. 
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Curriculum vitae 

Personal data 
Name:  Aleksandra Murre 
Date of birth: 21.01.1995 
Place of birth:      Tallinn, Estonia 
Citizenship:  Estonian 

Contact data 
E-mail:  alexandra.murre@gmail.com 

Education 
2018–... Tallinn University of Technology, Chemistry and Biotechnology, PhD 
2016–2018 Tallinn University of Technology, Chemistry and Biotechnology, MSc 

(cum laude)  
2013–2016         Tallinn University of Technology, Chemistry and Biotechnology, BSc 

(cum laude)   
2001–2013  Tallinn Tynismae Science School 

Language competence 
Russian  Native 
Estonian  Fluent 
English  Fluent 

Professional employment 
2023–...               Tallinn University, School of Natural Sciences and Health, visiting 

teacher 
2018–...               Tallinn University of Technology, School of Science, Department of 

Chemistry and Biotechnology, early-stage researcher 
Summer 2017    Cambrex Tallinn OÜ, applied researcher 
Summer 2016    Cambrex Tallinn OÜ, applied researcher 

Professional associations 
      2019–...          The Estonian Chemical Society, member 

Honours and awards 
2020  Zonta scholarship, Estonian National Culture Foundation 
2020                    AS Liwathon E.O.S. Doctoral Study Scholarship, TalTech 

Development Fund, Estonia 
2019                    Dora Plus T1.1 short-term mobility scholarship, Archimedes 

Foundation, Estonia 
2018                    Ene Silla named scholarship 
2018                    Tamkivi scholarship, Estonian National Culture Foundation 
2017                    Jaan Poska named scholarship 
2017                    Rotalia foundation (USA) scholarship 
2016                   Cambrex Tallinn Bachelor Study scholarship, TalTech Development 

Fund, Estonia 
2016                   The national student research competition, 2nd place (Bachelor 

thesis in natural sciences or engineering) 

Teaching experience and supervision 
Fall 2019           Organic Chemistry I, exercise tutorials (undergraduate course) 
Spring 2020       Organic Chemistry II, exercise tutorials (undergraduate course) 
Fall 2021            Organic Chemistry I, exercise tutorials (undergraduate course) 
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Elulookirjeldus 

Isikuandmed 
Nimi:                  Aleksandra Murre 
Sünniaeg:         21.01.1995 
Sünnikoht:        Tallinn, Eesti 
Kodakondsus:   Eesti 

Kontaktandmed 
E-post:              alexandra.murre@gmail.com 

Hariduskäik 
2018–…             Tallinna Tehnikaülikool, Keemia ja biotehnoloogia, PhD 
2016–2018       Tallinna Tehnikaülikool, Keemia ja biotehnoloogia, MSc (cum laude) 
2013–2016       Tallinna Tehnikaülikool, Keemia ja biotehnoloogia, BSc (cum laude) 
2001–2013       Tallinna Tõnismäe Reaalkool 

Keelteoskus 
Vene keel         Emakeel 
Eesti keel          Kõrgtase 
Inglise keel       Kõrgtase 

Teenistuskäik 
2023–…            Tallinna Ülikool, Loodus- ja terviseteaduste instituut, külalislektor 
2018–…            Tallinna Tehnikaülikool, Loodusteaduskond, Keemia ja 

biotehnoloogia instituut, nooremteadur 
Suvi 2017         Cambrex Tallinn OÜ, keemik 
Suvi 2016         Cambrex Tallinn OÜ, keemik 

Kuuluvus erialaühingutesse 
2019–…           Eesti Keemiaselts, liige 

Teaduspreemiad ja tunnustused 
2020  Zonta stipendium, Eesti Rahvuskultuuri Fond 
2020                 AS Liwathon E.O.S. doktoriõppe stipendium, SA Tallinna 

Tehnikaülikooli arengufond 
2019                 Dora Pluss T1.1 lühiajalise õpirände stipendium (SA Archimedes, 

Eesti) 
2018                 Ene Silla nimeline stipendium 
2018                 Tamkivi stipendium, Eesti Rahvuskultuuri Fond 
2017                 Jaan Poska nimeline stipendium 
2017                 Rotalia foundation (USA) stipendium 
2016                 Cambrex Tallinn AS bakalaureuseõppe stipendium, SA Tallinna 

Tehnikaülikooli arengufond 
2016                Üliõpilaste teadustööde riikliku konkurss loodusteaduste ja tehnika 

valdkonnas rakenduskõrgharidusõppe ja bakalaureuseõppe 
üliõpilaste astmes, II preemia 

Õpetamiskogemus ja juhendamine 
Sügis 2019        Orgaaniline keemia I, harjutustunnid (bakalaureuseõpe) 
Kevad 2020      Orgaaniline keemia II, harjutustunnid (bakalaureuseõpe) 
Sügis 2021        Orgaaniline keemia I, harjutustunnid (bakalaureuseõpe) 
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